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Increasingly severe air pollution over metropolitan regions in China has raised 
attention in light of its local and regional impacts on health and climate. Computer 
models can simulate complex interactions between photochemistry and meteorology to 
inform policy decisions in reducing ground-level pollution. However, models rely on 
an accurate portrayal of emissions that often possess large uncertainties over regions 
with evolving pollution characteristics. This work is comprised of a quantitative 
analysis of air pollutants in the North China Plain that strives to improve such 
uncertainties by identification of important sources and meteorological conditions for 
pollution through the combination of observations and models. Measurements used in 
this dissertation focus on in situ observations from the Spring 2016 Air chemistry 
Research in Asia (ARIAs) campaign, which sampled atmospheric composition across 
  
the heavily populated and industrialized Hebei Province in the North China Plain. High 
amounts of ozone (O3) precursors were found throughout and even above the planetary 
boundary layer, continuing to generate O3 at high rates to be potentially transported 
downwind. Evidence for the importance of anthropogenic VOCs on O3 production is 
presented. Concentrations of NOx and VOCs even in the rural areas of this highly 
industrialized province promote widespread O3 production and in order to improve air 
quality over Hebei, both NOx and VOCs should be regulated. The ARIAs airborne 
measurements also provide a critical opportunity to characterize chlorofluorocarbons 
(CFCs) over a suspected CFC-11 source region in China, finding mixing ratios were 
well above 2016 global background levels. Based on correlations of CFCs with 
compounds used in their manufacture, I identify likely source regions of new CFCs 
production and release, in violation of the Montreal Protocol. Finally, I examine the 
influence of meteorology on surface and aloft measurements during ARIAs. A 
multiday persistent high pressure episode is presented as a case study to examine the 
influence of regional transport on air quality measured during ARIAs. This dissertation 
provides valuable information for understanding one of the most polluted regions in 
China. Coordinated field and modeling efforts can together provide scientific guidance 
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Chapter 1 Introduction 
Industrialization throughout the world sparked increased innovation and rapid 
urbanization. Historically, by-products from our increasingly technological and 
inventive society such as coal and fossil fuel combustion products, as well as the 
development of new synthetic chemicals, led to unforeseen consequences when 
released into the atmosphere. A series of severe pollution events as a result of human 
activities (anthropogenic emissions) in the 19th and 20th centuries brought international 
attention to the high concentrations of air pollution, particularly caused by the burning 
of high-sulfur coal. In the mid-1900s, a realization that motor vehicle emissions could 
contribute to urban smog in sunny areas (Crutzen, 1971; Haagen-Smit, 1952) led to 
better emission standards on cars and limits on the amount of sulfur in gasoline. 
Emissions of chlorofluorocarbons (CFCs) from use as refrigerants, foam blowing 
aerosol sprays, and propellants were eventually regulated after the discovery that these 
compounds lead to the depletion of the stratospheric ozone layer (Molina and Rowland, 
1974).  
Epidemiological studies revealed the unseen health effects of particulate matter 
(PM) and other air pollutants on the human respiratory and circulatory systems (Nel, 
2005; Vodonos et al., 2018), resulting in an increased risk of death, high hospital 
admission rates, and a rise in infant mortality during air pollution episodes (Gao et al., 
2015; Ge et al., 2011; Guttikunda and Goel, 2013; Thach et al., 2010). Carbon dioxide 
(CO2) levels have also raised concerns over the greenhouse effect and detrimental 





2500 ppmv, well above the Occupational Safety and Health Administration’s limit of 
500 ppmv) have been associated with worsened decision-making performance (Cao et 
al., 2019; Satish et al., 2012) and lower math test results (Shaughnessy et al., 2006).  
This dissertation aims to better understand the important sources and 
meteorological conditions of air pollution observed aloft in 2016 over Hebei Province, 
China, a strong economic power and home to over 75 million people. The observational 
research presented here lends some insights into air pollution in China and its impact 
on the composition of the atmosphere on both local and global scales.  
1.1.Ozone (O3) Photochemistry 
1.1.1 Tropospheric O3 Production and Sensitivity 
Boundary layer O3 is a secondary pollutant produced by reactions of nitrogen 
oxides (NOx=NO+NO2) and volatile organic compounds (VOCs) in the presence of 
UV radiation available in sunlight (Crutzen and Zimmerman, 1991). Ozone  is harmful 
to the human respiratory system (Bell et al., 2006; Jerrett et al., 2009) and to 
photosynthetic processes by vegetation (Avnery et al., 2011; Reich and Amundson, 
1985a), while some VOCs, such as benzene and chloroform, are known to be 
hemotoxic and carcinogenic (Lan et al., 2004). Many countries, including the United 
States and China, have implemented policy measures to control O3 and its precursors. 
In the United States, the Environmental Protection Agency enforces a surface O3 
standard according to the current National Ambient Air Quality Standards (NAAQS) 
of 70 parts per billion by volume (ppbv), calculated as the daily maximum of an eight-





Air Quality Standards (CAAQS) of approximately 75 ppbv, also calculated as the daily 
eight-hour running mean. Since O3 is not emitted directly, it is necessary to understand 
the mechanisms in which tropospheric O3 precursors, mainly NOx and VOCs, are 
produced and destroyed. 
The main source of NOx to the atmosphere is high temperature combustion of 
fossil fuels (33 Tg N y-1), but soil emissions, lightning, and biomass burning also add 
considerable amounts to the atmosphere (in total about 18 Tg N y-1) (Seinfeld and 
Pandis, 2006). The reaction between nitrogen dioxide (NO2) and the hydroxyl radical 
(OH) to form nitric acid (HNO3), ultimately scavenged in the atmosphere, is the major 
sink of NOx. At night, the main sink occurs through NOx oxidation to form nitrate 
(NO3) and dinitrogen pentoxide (N2O5), followed by N2O5 hydrolysis. The lifetime of 
NOx ranges from hours to a few days (Seinfeld and Pandis, 2006). Total reactive 
nitrogen (NOy) is the sum of NOx with its atmospheric oxidation products including 
HNO3, nitrous acid (HONO), the nitrate radical (NO3), dinitrogen pentoxide (N2O5), 
peroxynitric acid (HNO4), peroxyacyl nitrate (PAN), alkyl nitrates (RONO2), and 
peroxyalkyl nitrates (ROONO2). Interactions between NOy and VOCs can lead to 
photochemical O3 production and, on regional and global scales, have a large impact 
on OH concentrations (Wallace and Hobbs, 2006). 
Carbon monoxide (CO) is another important O3 precursor regulated by the 
NAAQS. Sources of CO include the oxidation of anthropogenic and biogenic volatile 
organic compounds (VOCs) (Cheng et al., 2017), incomplete fossil fuel combustion, 
and biomass burning. Reaction with OH is the most important sink of CO. The 





The term VOC describes a class of carbon containing compounds in the vapor phase 
excluding CO, CH4, and carbon dioxide (CO2). Sources of VOCs include biogenic 
emissions from trees and other vegetation that release compounds such as isoprene and 
monoterpenes, as well as anthropogenic sources from many industrial processes. 
Biogenic emissions are the largest source of VOCs globally, exceeding anthropogenic 
emissions by a factor of ~10 (Atkinson and Arey, 2003). However, emissions of VOCs 
from human activities in urban areas play an important and sometimes critical role in 
the production of O3 (Atkinson and Arey, 2003; Helmig and Bottenheim, 2009; 
Klimont et al., 2002) due to differences in reactivity between biogenic and 
anthropogenic VOCs.  
In order for O3 to be produced, it is first necessary for OH to be generated:  
 O3 + hv à O2 + O(1D)    R1 
 O(1D) + H2O à 2 OH    R2 
The oxidation of CO by OH then goes on to make O3 following these reactions 
(Crutzen, 1971):  
CO + OH à CO2 +H     R3 
H + O2 + M à HO2 + M*    R4 
HO2 + NO à NO2 + OH    R5 
NO2 + hv à NO + O     R6 
O + O2 + M à O3 + M*    R7 
The resulting net reaction is: 





The rate limiting step of this sequence is R5 or R6, since NO can also react with O3 to 
form NO2, thus decreasing O3. If NO reacts with HO2 to make NO2, then there is a net 
production of O3 during sunlit conditions. Additionally, aerosols with a high single 
scattering albedo (SSA), such as sea salt, can increase UV flux and accelerate R6, 
thereby increasing the production of O3 (Dickerson et al., 1997).  
As noted earlier, the formation of O3 is also influenced by VOC oxidation. In 
the following series of reactions, the simplified notation R represents a generic organic 
group, RH is the simplified notation for VOCs, and R’ denotes the same generic organic 
group removing CH2: 
RH + OH à H2O + R      R8 
R + O2 + M à RO2 + M*     R9 
RO2 + NO à NO2 + RO     R10 
At this point, NO2 photolyzes to produce an O atom, which is rapidly converted to O3. 
However, the RO radical continues to react: 
RO + O2 à R’CHO + HO2      R11 
HO2 + NO à NO2 + OH     R12 
2 (NO2 + hv à NO + O)     R13 
2 (O + O2 + M à O3 + M*)     R14 
The resulting net reaction is: 
RH + 4O2 à R’CHO + H2O + 2O3 
An example of RH and R’CHO is CH4 and formaldehyde (HCHO). Further 





termination step (the loss of HOx radicals) is reliant upon the concentration of NOx. At 
low levels of NOx, the HO2 radical is terminated via reaction with itself:  
HO2 + HO2 à H2O2 + O2     R15 
However, in areas with high levels of NOx, the major sink of HOx is through NO2 
oxidation by OH: 
NO2 + OH + M à HNO3 + M*    R16 
The nonlinear production of O3 with respect to its precursors, NOx and VOCs, 
is best illustrated by the isopleth plot (Figure 1.1). When one of the O3 precursors is the 
limiting reactant, the rate of O3 production is considered VOC- or NOx-sensitive 
(Finlayson-Pitts and Pitts, 1999; Sillman et al., 1990). Note as an air parcel moves from 
a source region such as a city to a more rural area, the limiting reagent can change. 
 
 
Figure 1.1. Ozone isopleths  (Units: ppbv, thin green lines) simulated by a regional 
photochemical box model as a function of NOx and hydrocarbon (VOC) emissions. The 
dashed blue line depicts the transition from VOC-sensitive (above) to NOx-sensitive 





Characterizing this nonlinear chemistry and understanding how it varies in time and 
space has important implications for surface O3 control strategies. 
In the case of low NOx concentrations, the production of O3 varies with the 
concentration of NO and is relatively independent of VOC levels. In this scenario, the 
production of O3 is considered NOx-sensitive because production is limited by ambient 
concentrations of NOx. Alternatively, in the case of high NOx concentrations, the 
production rates of O3 increase with rising VOC concentrations and decrease with 
increasing NOx concentrations. In this case, the production of O3 is considered to be 
VOC-sensitive since the production is limited by the concentration of VOCs. 
Development of effective O3 mitigation policy therefore depends upon accurately 
characterizing the photochemical NOx-VOC regime. 
1.1.2 Stratospheric O3 Depletion  
Approximately 90% of the atmosphere’s O3 is located in the stratosphere, 
residing in what is known as the O3 layer (Seinfeld and Pandis, 2006). Unlike 
tropospheric O3, stratospheric O3 is produced naturally by the photolysis of molecular 
oxygen. Stratospheric O3 forms a protective shield from the short wavelength (high 
energy) portion of UV-B radiation (l=280-315 nm) as well as, together with molecular 
oxygen, the UV-C (l=100-280 nm) part of the spectrum. Exposure to UV-radiation is 
known to cause DNA, cellular, and structural damage as well as destruction of folic 
acid, a B vitamin. Exposure to UV-radiation can lead to skin cancer and a suppressed 
immune system in humans (Marrot and Meunier, 2008; Šitum et al., 2008) as well as 
impact amphibians and other wildlife by stunting development (Ankley et al., 2002; 





susceptibility to infection (Garcia et al., 2006), and limiting survival (Formicki et al., 
2008). 
The mechanism behind the formation of the protective O3 layer is termed the 
Chapman mechanism, which overpredicts O3 concentrations by a factor of two or more 
(Jacob, 1999), while still accurately estimating the general shape of the vertical profile. 
The Chapman mechanism explains that O3 is formed by the photolysis of atmospheric 
oxygen (see Jacob, 1999): 
   O2 + hv à O + O  
   O + O2 + M à O3 + M* 
   O3 + hv à O2 + O 
   O + O3 à O2 + O2 
For the first two reactions resulting net is:  
   3O2 + M à 2O3 + M* 
For the second two reactions:  
   2O3 + hv à 3O2 
The unexpected discovery of falling springtime stratospheric O3 levels over 
Antarctica (Farman et al.,1985) prompted scientific pursuits that eventually led to one 
of the most successful international environmental policies in the 20th century 
(Solomon, 2019). It was already known that high altitude supersonic aircraft plans like 
the Concorde with its large emissions of NOx could pose a serious threat to the O3 layer 
(Fahey et al., 1995; Johnston, 1973). Additionally, research suggested chlorine 
monoxide (ClO) released by CFCs might destroy O3 (Molina and Rowland, 1974). 





declining O3 levels were due to human use of chlorofluorocarbons (CFCs). While the 
expected O3 depletion was relatively small and far in the future, anticipated serious 
hazards prompted an O3 protection strategy in 1985 that signaled for more research but 
contained no legally binding goals for CFCs reduction (Benedick, 1991). 
Additional laboratory studies and field experiments revealed the mechanisms 
and conditions leading to O3 loss. Catalytic loss of stratospheric O3 was found to occur 
by routes with hydrogen oxide radicals (HOx), NOx, or chlorine or bromine radicals 
(ClOx or BrOx) (Osterman et al., 1997). Previously unknown chemical mechanisms 
associated with O3 depletion were identified to include the ClO+ClO cycle (Molina and 
Molina, 1987) and the BrO+ClO cycle (McElroy et al., 1986). Aircraft measurements 
flying from Chile to the Antarctic in 1987 revealed the “smoking gun” for the role of 
CFCs in depletion of the O3 layer when elevated measurements of ClO were observed 
to be co-located with decreases in O3 (Anderson et al., 1989). In addition to the 
discovery of O3 destruction pathways, balloonsonde data over Antarctica showed O3 
perturbations in the region from 10-20 km where polar stratospheric clouds (PSC) 
could provide a site for heterogeneous reactions (Solomon et al., 1986). These studies 
led to the ban of production and consumption of CFCs starting in 1996 for developed 
countries. Rowland and Molina, as well as Paul Crutzen, were awarded the 1995 Nobel 
Prize in Chemistry for the first papers hypothesizing the connection between human 
pollution and O3 depletion.  
Since CFCs are inert in the troposphere due to long lifetimes (on the order of 





photolyze to release Cl atoms (Osterman et al., 1997). For example, in the case of CFCl3 
(known as CFC-11 or Freon-11):  
   CFCl3 + hv à CFCl2 +Cl 
   Cl + O3 à ClO + O2 
   ClO + O à Cl + O2 
The net reaction is:  
   O3 + O à 2O2 
This catalytic cycle is terminated once the radical ClOx is converted to non-radical 
reservoirs, such as HCl and ClNO3. However, these reservoirs eventually return to 
ClOx.  
1.2 Air Pollution in China  
1.2.1 The Role of Industrialization and Urbanization on Air Pollution 
China has spent the last two decades in a “period of strategic opportunity,” 
facilitating domestic development and the expansion of global leadership in industry 
(Department of Defense, 2018). In 2016, the time of the field study used in this 
dissertation, both the International Monetary Fund and the World Bank ranked China 
first in terms of economic size on a purchasing power parity (PPP) basis, a metric that 
estimates exchange rates to make more accurate comparisons across different countries 
(Morrison, 2018). The transformation from an agricultural giant to a service and 
industrial tycoon brought rapid infrastructure development, urbanization, and rising per 
capita income, resulting in a big shift of the composition of gross domestic product 





Industry was the main driver of economic growth in China, contributing 35-
45% of the GDP over the last several decades. From 1978 to 2013, the Chinese GDP 
increased by a factor of 26, with the industrial sector growing the fastest (Tang and 
Zhang, 2017). The booming industrial sector allowed China to become a world leader 
in industrial output, including mining and ore processing, cement, coal, petroleum, 
chemicals, and fertilizer production, and manufacture of consumer products and 
telecommunications equipment. 
In addition, China is one of the world’s largest agricultural economies (Carter, 
2011), with farming, forestry, animal husbandry, and fisheries accounting for nearly 
10% of GDP (much higher than in developed nations, where agriculture makes up ~1% 
of GDP). As a global producer of rice, wheat, cotton, corn, barley, and apples, Chinese 
government support combined with low labor costs helps agricultural products stay 
Figure 1.2. Annual composition of Gross Domestic Product (GDP) in China from 1978-2017. 





profitable. Multiple components of the service sector (including transport, 
wholesale/retail trade, hotel/catering, and financial services) have doubled in size over 
the past two decades, but still behind many other countries.  
China is the largest producer and consumer of coal in the world (British 
Petroleum Company, 2017).  However, the share of coal as part of energy consumption 
has decreased from 75% in the 1990s to 61% in 2016. Sulfur dioxide emissions have 
continued to decline over the last several years (He et al., 2012; Krotkov et al., 2016; 
Li et al., 2017a) as a result of desulfurization and increased efficiency of coal-fired 
power plants, the introduction of scrubbers (Liu et al., 2015), and phasing out the most 
polluting power plants (Guan et al., 2014). In the NCP, SO2 emissions mainly from 
coal-burning decreased by 50% from 2012 to 2015 (Krotkov et al., 2016). Emissions 
of NOx in China are more complicated, showing only minor improvements, mostly 
after 2011 (De Foy et al., 2016; Krotkov et al., 2016; Liu et al., 2017). Regulation of 
NOx includes installation of NOx control systems on power plants, closing heavily 
polluting factories, and strengthening emission standards for vehicles (Liu et al., 2020; 
Wu et al., 2017). Renewable energy in China has increased rapidly, making China the 
world’s largest renewable energy producer (solar and wind) in the world (Organization 
for Economic Cooperation and Development, 2020).  
1.2.2 Air Pollution in China: State of the Issue 
 Air pollution, previously considered a local problem for large and heavily 
populated cities, has grown into a regional issue in China. In the last three decades, the 
urban population has risen by over 550 million and now 775 million people—





rapid urbanization turned agricultural lands into city clusters and megacities (Shao et 
al., 2006). In addition to industrialization and urbanization, the dependence on coal for 
power generation and the increase in motor vehicles from 5.5 million in 1990 to 148 
million in 2014 (a 26 fold increase in 25 years) exacerbated poor air quality in China 
(Wu et al., 2017). Prior to vehicle emission controls in China in 2000, vehicles were 
estimated to contribute 77% of CO and 68% of NOx concentrations in Beijing (Hao et 
al., 2000).  
 An environmental legal framework to control pollution in China existed as early 
as the 1980s, but most control measures were not enforced until the 2000s (Beyer, 
2006; Feng, J., Liao, H.,Gu, 2016; Florig et al., 2002). The 11th Five Year Plan (2006-
2010) introduced policies to reduce emissions and establish concentration targets, but 
these standards still lag behind other United States and WHO exposure limits to protect 
human health (Table 1.1). For example, the WHO cautions against daily average 
exposures of PM2.5 at a level higher than 25 µg/m3 (World Health Organization, 2018), 
but by the end of 2010, fewer than 1% of China’s 500 largest cities met this 
concentration limit (Zhang and Crooks, 2012). In 2015, only 22% of the 338 monitored 
cities met the Class II CAAQS (Ministry of Environmental Protection, 2016). China’s 
13th Five-Year Plan (2016-2020) pledges to further reduce fine PM by at least 25%, 
ensure that cities achieve a 25% reduction in the number of days with severe air 
pollution, and slash nationwide emissions of VOCs from chief regions and industries 







Table 1.1. Overview of the Class II Chinese Ambient Air Quality Standards (CAAQS, 
applicable for all areas except special regions like national parks), the National Ambient Air 
Quality Standards (NAAQS) in the United States, and 2005 World Health Organization 
(WHO) air quality standards.  
 
The unique distribution of myriad emission sources combined with seasonal 
changes in meteorology results in a complex environment for the formation of 
secondary air pollutants in China. In wintertime, indoor heating, household emissions, 
and stagnant meteorological conditions help to build up heavy pollution across northern 
China in the form of haze (Li et al., 2016c; Zhang et al., 2015a). In spring, wind-blown 
dust originating from the Taklimakan and Gobi deserts is transported by large-scale 
circulation to China and other North American regions (Ding et al., 2017; Hu et al., 
2016). During the Asian Summer Monsoon season, the strength and temporospatial 
extension of the prevailing southerly winds substantially influence the distribution and 
trans-boundary transport of aerosols over eastern China (Cao et al., 2015; Cheng et al., 
2016; Li et al., 2016e). The western conveyor belt lofting associated with wave 













1 day 75 35 25 
1 year 35 12 10 
Nitrogen dioxide 
(NO2), ppbv 
1 hour 97 100 97 
1 year 19 53 19 
Sulfur dioxide (SO2), 
ppbv 
1 hour 175 75 ¾ 
24 hour 52 ¾ 7 
Ozone (O3), ppbv 1 hour 93 ¾ ¾ 
8 hour 75 70 47 
Carbon monoxide 
(CO), ppmv 
1 hour 8 35 ¾ 





interhemispheric transport of pollutants over China (Cooper et al., 2004; Dickerson et 
al., 2007). 
Once lofted above the PBL, pollution can travel long distances turning a local 
pollution problem into a regional issue. While Asian desert dust has long known to be 
transported into the Pacific by the prevailing westerly winds on the order of weeks 
(Duce et al., 1980), in some episodic or multiday events, pollution is transported in a 
matter of days (Jaffe et al., 1999; Oh et al., 2015; Stohl et al., 2003). Pollution from 
East Asia can affect visibility (Lin et al., 2014; Quan et al., 2011) and increase the 
production of surface O3 in regions as far away as North America (Jaffe et al., 2003). 
1.2.3 Impacts of Poor Air Quality 
High concentrations of air pollutants result in various problems relating to public 
health, economic loss, and environmental degradation. In a changing climate, these 
consequences are expected to cause even more damage (Acevedo-Whitehouse and 
Duffus, 2009; Hong et al., 2019; Xie et al., 2019). 
Exposure to ambient levels of air pollution are linked to myriad adverse health 
outcomes due to physiological changes in pulmonary and cardiovascular functions 
resulting in increased emergency room visits, hospital admissions, and premature death 
(Landrigan et al., 2018; Lelieveld et al., 2015). In China, over 1.5-2.2 million people 
die prematurely each year because of adverse health consequences related to air 
pollution (Liang et al., 2020). More than 50% of 2015 global deaths attributed to 
ambient air pollution occur in China and India (Landrigan et al., 2018). While most 
epidemiological evidence focuses on health effects due to short and long term exposure 





with an increased risk of premature mortality (Bell et al., 2006), especially among 
vulnerable populations like the elderly (Di et al., 2017) and people with pre-existing 
conditions (Abelson and Stieb, 2011). 
 Ambient concentrations of air pollution are also responsible for large economic 
health and agricultural losses. L. Li et al. (2016) assessed the health-related economic 
losses in 74 cities in China in 2015 and found elevated PM10 and SO2 impacted 1.63 
and 2.32% of GDP. Even the short-term 2013 extreme haze event in Beijing was 
estimated to result in 45,350 acute bronchitis and 23,720 asthma cases, resulting in an 
economic loss of $253.8 million (Gao et al., 2015). Agricultural crops and vegetation 
exposed to air pollution reduces net photosynthesis (Reich and Amundson, 1985b), 
which can lower crop yields (Carter et al., 2017) and threaten Chinese food security. In 
2008, the economic loss to the agricultural sector due to industrial air pollution in China 
was estimated to be close to US$1.5 billion (Wei et al., 2014). 
 High levels of air pollutants can degrade the environment and alter the 
atmosphere. High O3 concentrations pose a risk to Chinese forests, which play 
important roles in climate change mitigation strategies (Li et al., 2017b). High aerosol 
loading in China can alter rainfall (Li et al., 2016e) and diminish solar radiation 
reaching the surface, effecting cloud formation and atmospheric stability (Li et al., 
2007). Additionally, strongly absorbing aerosols may influence atmospheric heating 
rates and evolution of the PBL (Li et al., 2017c). 
 Climate change may alter synoptic conditions as well as the frequency and 
duration of pollution events. Absorbing aerosols like black carbon (BC) are responsible 





the regional climate. An enhanced Siberian High due to Arctic warming can help 
strengthen the northerly winds in the North China Plain, effectively leading to a 100-
200 µg/m3 reduction in PM2.5 (Zhao et al., 2018). Global models predict that the 
removal of fossil-fuel generated particles, which affects the hydrological cycle and 
masks the anthropogenic rise in global temperature, may increase rainfall by 10-30% 
over northern China (Lelieveld et al., 2019). The change in precipitation could affect 
how long reactive pollutants remain  in the atmosphere.  
1.3 Overview of the ARIAs Field Campaign 
The Air chemistry Research in Asia (ARIAs) campaign, a scientific project 
jointly conducted by American and Chinese institutions funded by the National Science 
Foundation (NSF), collected airborne observations of air pollution over Hebei 
Province, China. The goal of ARIAs was to characterize and quantify the composition 
of trace gases and aerosols over Hebei to improve modeling tools used to evaluate the 
effectiveness of air pollution reduction policies. Only limited studies conducted by 
other groups measure the vertical distribution of pollutants over East Asia and integrate 
observations from multiple platforms including aircraft, surface stations, satellite 
retrievals, and model simulations. The ARIAs project aimed to address these gaps, as 
well as enrich the National Aeronautics and Space Administrations (NASA) Korean-
US Air Quality (KORUS-AQ) study, which occurred in South Korea at the same time 
as ARIAs. Since six of the world’s top ten worst air quality cities in 2016 are located 
in Hebei, including the capital city of Shijiazhuang, this region is of great scientific 





Throughout May and June 2016, the ARIAs campaign conducted 11 research 
flights in southern Hebei Province. The aircraft campaign measured CO, O3, NO2, 
NO/NOy, SO2, VOCs, and aerosol scattering and absorption near the surface to 3500 
m pressure altitude under a variety of synoptic conditions, using the instruments 
described in Table 1.2. The Y-12 research aircraft was based at Luancheng Airport, 
located in southeast Shijiazhuang, the capital and largest city in Hebei, and its major 
economic center. The Y-12 flew vertical spirals over Shijiazhuang as well as three other 
locations: Julu, Quzhou, and Xingtai. The flight sampling occurred east of the Taihang 
Mountains, with Xingtai at the foothill of this mountain range.  
 
 
Table 1.2. Y-12 research aircraft instrumentation during ARIAs. 
 
Variable Method 
Aircraft Position Global Positioning System (GPS) 
Meteorology (Temperature, Relative humidity, 
Pressure, 2-D Wind) 
Cloud water inertial probe (CWIP) 
Greenhouse Gases (CO2/CH4/CO/H2O) Cavity Ring Down Spectroscopy Picarro 
Model G2401-m 
Ozone (O3) UV-absorption, TECO 49C 
Sulfur dioxide (SO2) Pulsed fluorescence, TECO 43C 
Nitrogen dioxide (NO2) Cavity enhanced absorption spectroscopy, 
Los Gatos RMT-200 CRDS 
NO/NOy Chemiluminescence, modified TECO 42C 
with an external Molybdenum converter at 
375°C 
Aerosol Scattering, bscat (450, 500, 700, nm) Nephelometer, TSI Model 3563 
Aerosol Absorption, babs (565 nm) Particle Soot Absorption Photometer (PSAP) 
Black Carbon (370, 470, 520, 590, 660, 880, 
950 nm) 
Aethalometer, Magee Model AE31 
Black Carbon Single-Particle Soot Photometer (SP2) 





Additionally, the coordinated Atmosphere-Aerosol-Boundary Layer-Cloud 
(A2BC) Interaction Joint Experiment collected surface measurements of trace gases and 
aerosols in northwest Xingtai from May to December 2016. An intensive observation 
period occurred in May and June 2016 to coincide with ARIAs. Nestled in the Taihang 
Mountains, agricultural crops, consisting heavily of winter wheat planted in October, 
harvested, and stubble burned in June (Liu and Si, 2011), surround the A2BC surface 
site. Populated by approximately 7 million people, the area around Xingtai contains 
industries like coal mining, coal-burning power plants, cement and steel industries, 
chemical processing, iron-smelting, and glass manufacturing.  
1.4 Research Objectives  
The work detailed in this dissertation focuses on characterizing the composition 
of atmospheric pollutants in one of the most populated and industrialized areas in the 
world by combining both surface and aloft observations with modeling analyses. While 
the ARIAs campaign cannot describe air pollution for all of China, aircraft observations 
are particularly rare in this area and can provide insight into boundary layer 
photochemistry and transport. This work addresses several research questions, outlined 
below: 
1) How is aloft O3 photochemistry affected by NOx and VOCs in Hebei Province 
and which VOCs are most influential in the production of O3? What 
characteristic pollution source signatures are present and how do they compare 
to previous studies in China and to other areas where pollution control measures 





2) Do atmospheric abundances of CFCs observed over a suspected source region 
agree with global and Northern Hemisphere background levels? How do 
different meteorological conditions affect the levels and sources of measured 
CFCs?  
3) How do meteorological conditions affect the vertical distribution and transport 
of trace gases over the NCP? Do atmospheric models agree with observations?  
 
The research addressing Question 1 is illustrated in Chapter 2 of this 
dissertation. This chapter addresses levels of O3 and its precursors and uses a box model 
constrained by aircraft observations to estimate the rate of O3 production. Several VOC 
reactivity scales are deployed to identify which compounds are most influential in the 
production of O3. Ratios of trace gases and VOCs are compared to published emission 
factors and peer-reviewed studies to characterize pollution sources present over Hebei. 
This work was published in Atmospheric Chemistry and Physics in November 2020 
(Benish et al., 2020a). 
Chapter 3 of this dissertation assesses levels of CFCs obtained from whole air 
sample canisters collected from the Y-12 research aircraft. Correlations among 
different halocarbons used as feedstock are examined to understand whether CFCs are 
being newly produced or released from banks. Using ensemble HYSPLIT backward 
trajectories, I identify possible source regions of CFCs. This chapter is presently under 
review in the Journal of Geophysical Research: Atmospheres. 
The next chapter of this dissertation, Chapter 4, examines how meteorology and 





weather analyses guide the determination of the origin of sampled airmasses. A case 
study during a persistent high pressure episode reveals that a maritime tropical (mT) 
airmass over the Yellow Sea passed over a heavily industrialized coastal region before 
being sampled by the Y-12 research aircraft.  
Lastly, the final chapter of this dissertation provides concluding remarks and 






Chapter 2 Aircraft Observations of Ozone, Nitrogen Oxides, 
and Volatile Organic Compounds over Hebei Province, China 
 
2.1 Introduction 
Explosive urbanization and rapid industrialization contributed to high ground-
level O3 and particulate matter (PM) over the past several decades in the North China 
Plain (NCP) (Johnson et al., 2006; Ran et al., 2011; Shao et al., 2009; Zhang et al., 
2014b). Household burning of coal used for cooking and heating, emissions from 
gasoline, diesel, and liquified petroleum gas (LPG) vehicles, as well as large-scale 
burning of winter wheat residues in the NCP are some of the many sources responsible 
for O3 precursors, such as NOx and VOCs (Chen et al., 2017; Long et al., 2016; 
Stavrakou et al., 2016). Ozone is harmful to both the human respiratory system (Bell 
et al., 2006; Jerrett et al., 2009) and to photosynthetic processes by vegetation (Avnery 
et al., 2011; Reich and Amundson, 1985a), while some VOCs, such as benzene and 
chloroform, are known to be hemotoxic and carcinogenic (Environmental Protection 
Agency - Integrated Risk Information System, 2003; Lan et al., 2004). Several studies 
using the NASA Ozone Monitoring Instrument (OMI) have found reductions of some 
pollutants like SO2 over the NCP (He et al., 2012; Krotkov et al., 2016; Li et al., 2010, 
2017a), but NO2 pollution still remains severe in China (Figure 2.1).  
Ozone is created through the oxidation of NO by hydroperoxyl radicals (HO2) 
and organic peroxy radicals (RO2), products of carbon monoxide (CO) and VOC 





production is considered VOC- or NOx-sensitive (Finlayson-Pitts and Pitts, 1999; 
Sillman et al., 1990). The role of VOCs on the formation of O3 depends on the 
characteristics of the environment, including the main emission sources of primary 
pollutants and ambient temperature (Pusede et al., 2014), and the interaction of aerosols 
within the PBL to reduce photolysis (An et al., 2019). High aerosol concentrations have 
been shown to decrease photolysis and hinder summer surface O3 formation by 25 ppbv 
on average in Xi’an, China (Feng et al., 2016), which pose a challenge for pollution 
control strategies.  
Natural emissions are the largest source of VOCs globally and react more 
efficiently with OH than most anthropogenic compounds (Di Carlo et al., 2004), but 
exhibit a strong seasonal, diurnal, and spatial dependence (Li et al., 2013). Biogenic 
VOCs have been found to play a significant role in the formation of O3 at the surface 
Figure 2.1. (a) May and June 2016 OMI tropospheric column NO2 from NASA Goddard 
Earth Sciences Data and Information Services Center. The North China Plain is clearly 
seen in the center with high column NO2 concentrations; the black rectangle indicates the 
ARIAs campaign domain and corresponds to the region shown in panel b. (b) Map of 11 
ARIAs flight tracks (colored by flight number) and location of VOC samples (black 





(Ma et al., 2019; Zong et al., 2018) and throughout the boundary layer in the NCP 
(Wang et al., 2008a), as well as influence production of PM2.5 (Guo et al., 2014) and 
secondary organic aerosols (SOA) (Wu et al., 2020b). In particular, isoprene has been 
estimated to account for 27% of the total O3 production in June 2010 in Beijing (Mo et 
al., 2018), suggesting the need to consider biogenic isoprene emissions together with 
the dominating anthropogenic VOCs in formulating O3 control strategies. Quantifying 
the abundance of NOx and the suite of VOC chemicals throughout the lower 
troposphere is urgently needed to better understand the photochemistry of O3 
production in the NCP, which in turn will lead to the development of successful 
mitigation strategies.   
In-situ airborne measurements provide valuable information regarding the 
horizontal and vertical distributions of air pollutants over a large spatial area. Airborne 
measurements are necessary to characterize air pollution over large cities, as well as 
surrounding areas. Ozone and PM are produced throughout the planetary boundary 
layer (PBL), so aircraft observations can lead to a more complete picture of pollution 
formation and transport than is available only from surface observations. While several 
airborne campaigns have deployed to investigate the regionally transported pollution 
problem in East Asia, including the NASA Korea-United States Air Quality Study 
(KORUS-AQ) (Al-Saadi et al., (2015), see https://www-
air.larc.nasa.gov/missions/korus-aq/docs/White_paper_NASA_KORUS-AQ.pdf), that 
occurred at the same time as our measurements, few airborne studies characterize the 





Through Chinese/American partnerships with Peking University, Beijing 
Normal University, and the University of Maryland, we conducted a field campaign in 
Hebei Province, China called ARIAs. The ARIAs campaign was designed to 
characterize and quantify the composition of trace gases and aerosol optical properties 
over Hebei to improve tools used to evaluate the effectiveness of air pollution reduction 
policies. Since air pollution transport from Asia typically peaks in early to mid-spring 
(Liu et al., 2003), we hoped to provide detailed altitude profiles over the Asian source 
region to enable Lagrangian experiments with KORUS-AQ, but only two sustained 
transport events occurred (Peterson et al., 2019). Despite the infrequent transboundary 
pollution events, ARIAs observations generated valuable characteristic pollution 
signatures that helped describe combustion efficiency and its impact downwind 
(Halliday et al., 2019) to correct model biases of CO in global chemistry-climate 
models (Gaubert et al., 2020), and to show that MOPITT bias increases at high CO 
concentrations (Tang et al., 2020). Furthermore, ARIAs measurements characterized 
aerosol optical properties in the PBL and FT during clean and polluted conditions 
(Wang et al., 2018a), as well as used in the validation of the multiaxis differential 
optical absorption spectroscopy (MAX-DOAS) profiles of NO2, SO2, HONO, HCHO, 
CHOCHO, and aerosols (Wang et al., 2019b). 
The Ministry of Environmental Protection of the People’s Republic of China 
reported six of the top ten cities with the worst air quality in 2016 were located in Hebei 
(including the capital city of Shijiazhuang). The North China Plain is one of the most 
polluted regions in the world, but implementation of pollution reduction measures 





particular, Zhang et al. (2020) found an increased number of days of clean/light haze 
and a decreased number of days with heavy haze, along with a significant decline of 
SO2 concentrations. Similarly, using observations from MODIS and OMI, Si et al. 
(2019) found AOD and SO2 to decrease from 2006 to 2015, while NO2 rose by 4.79% 
in the NCP during this period. While surface NO2 decreased 20% from May 2014 to 
December 2018 throughout China, there are still a large number of measurement 
stations with increasing trends of NO2 due to changes in meteorological conditions and 
aerosol emissions (Fan et al., 2020), illustrating the need for more research 
characterizing air pollution in this region. In this study, we analyze concentrations of 
O3, NOx, NOy, CO, and VOCs obtained during 11 research flights between May and 
June 2016. The VOC chemical reactivity and impact on O3 production is assessed and 
we utilize an observation-constrained box model to evaluate photochemical properties 
of the production of O3 that occurs throughout the lower free troposphere.  
2.2 Materials and Methods 
2.2.1 Air sampling and Analysis 
The ARIAs campaign included 11 research flights from May-June 2016 in 
Hebei Province (Figure 2.1). Flight days were chosen based on meteorological 
conditions associated with smog events, such as higher temperatures, little cloud cover, 
low relative humidity, weak winds, and shallow PBL height (Tang et al., 2012). The 
Y-12 aircraft was based at Luancheng Airport (114.59°E, 37.91°N, 58 m above sea 
level (ASL)), located in southeast Shijiazhuang (population around 10 million), a major 





and chemical manufacturing, construction, and electronics production. Flight sampling 
occurred east of the Taihang Mountains and the Y-12 flew vertical spirals from ~300 
m to ~3500 m over Shijiazhuang as well as three other locations: Julu (115.02°E, 37.22 
°N, 30 m ASL), Quzhou (114.96°E, 36.76°N, 40 m ASL), and Xingtai (114.36°E,  
37.18°N, 182 m ASL). A full description of pollutant summary statistics and flight path 
for each flight is provided in Table 2.1.  
Various instruments aboard the Y-12 aircraft collected trace gas, aerosol, and 
meteorological data. The aircraft instrumentation (Table 1.2) included different gas and 
particle sample inlets on the top of the fuselage and pressure/temperature/humidity 
sensors (Cloud Water Inertial Probe (CWIP), Rain Dynamics) installed under one wing 
of the aircraft (Figure 2.2). Flight position data were recorded using a portable global 
positioning system (GPS) and the CWIP. The aircraft was equipped with the following 
trace gas analyzers: (1) a Picarro cavity ring down spectrometer (CRDS) for 
measurements of CH4, CO2, CO, and H2O; (2) a Thermal Electron Corporation (TECO) 
Model 49C UV absorption O3 analyzer; (3) a TECO Model 43C pulsed fluorescence 
SO2 analyzer; (4) a Los Gatos Research Model RMT-200 CRDS NO2 analyzer; and (5) 
a TECO Model 42C NO-NOy analyzer. Power constraints and a converter issue led to 
limited NOy, NOx, and CO measurements during the campaign, particularly in the 
lower free troposphere (LFT). We remove observations of NO/NOy over three spiral 
locations due to limited measurements. Negative values indicate readings around the 
detection limit, usually at high altitudes. The aircraft was also equipped with an inlet 







Table 2.1. Summary statistics of the 1-second measured concentrations for O3, NO2, NOy, and 
CO (units=ppbv) and flight path descriptions (JU=Julu, SJZ=Shijiazhuang, XT=Xingtai, 
QZ=Quzhou) for each flight during ARIAs. Negative values of NO2 indicate when the 

























No data 15.6 
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Spirals over XT 
(600-3000 m) at 
11:54 and SJZ 
(600-3000 m) at 
13:12. 
 
nephelometer (TSI Model 3563) to measure aerosol scattering, a particle soot 
absorption photometer (PSAP) to measure aerosol absorption, and an aethalometer  
(Magee Model AE31) and a Single-Particle Soot Photometer (SP2, Droplet 
Measurement Technologies) to measure black carbon. Observed aerosol optical 
properties have been summarized by F. Wang et al. (2018); further details on aircraft 






Twenty-six whole air samples (WAS) were collected directly into 3.2 L fused 
silica lined electropolished stainless steel canisters (Entech Instrument Inc., Simi 
Valley, CA) at a variety of pressure altitudes from 400 m to 3500 m between 1:30 and 
9:00 UTC (9:30 and 17:00 local time). The sampling period for the WAS canisters was 
approximately 1-2 minutes during the spirals. Samples were analyzed for 54 VOCs and 
16 halocarbons. Since the halogenated species have negligible effects on O3 production, 
we exclude these species from the analysis presented here (see Chapter 3 for halocarbon 
analysis). We also exclude 2 WAS canisters from this analysis due to evidence of 
contamination after sampling. The first sample was collected on May 21 at 399 m 
pressure altitude. This sample was heavily polluted with i-butane (25.8 ppbv), i-pentane 
(57.7 ppbv), as well as longer chain alkanes like 2,3-dimethylbutane (4.2 ppbv), 2-
methylpentane (5.9 ppbv), cyclopentane (2.7 ppbv), 2-methylheptane (16.1 ppbv), and 
3-methylpentane (3.5 ppbv) in addition to aromatics like toluene (41.3 ppbv) and 
benzene (20.8 ppbv). Many of these compounds are typical of fuel evaporation or from 








Figure 2.2. Left: Picture of the gas (alt-facing) and aerosol inlet (forward facing) on top of 
the Y-12 aircraft; arrow indicates air flow. Right: Picture of the Cloud Water Inertial Probe 





of one of these sources. Since this study is primarily focused with evaluating aloft 
VOCs away from their direct emission sources, the data from this canister were 
removed from this analysis. The second contaminated sample was collected on May 28 
at 3:36 UTC. This sample was filled to ambient pressure at 3000 m in relatively clean 
air, based on in situ observations at the time the canister was collected (CO=111 ppbv, 
CH4=1890 ppbv, CO2=406 ppmv, O3=84 ppbv). The concentrations of VOCs for this 
sample are outliers relative the associated abundances of the trace gases. This anomaly 
is indicative of valve leakage during transit or ambient air entering the WAS canister 
after the flight. The observed CO to acetylene ratio (ppbv/ppbv), often used as a tracer 
for the age of an air mass, was much smaller in this sample (70 ppbv/ppbv) compared 
to other samples collected at a similar altitude (~400 ppbv/ppbv).  
Limited samples collected over one province in one season may not be able to 
represent O3 chemistry for all of China, but the scarcity of airborne VOC measurements 
in this region makes these data valuable for characterizing the composition of air 
throughout and above the PBL, demonstrating how the production of O3 aloft differs 
from that at the surface.  
The VOC analytical techniques used by the College of Environmental Sciences 
and Engineering at Peking University (PKU) in Beijing have been summarized in the 
past (Mo et al., 2015; Wang et al., 2010a), and we briefly describe the method here. 
The WAS canisters were cleaned following a standard sampling procedure, pressured 
with nitrogen and vacuumed three times to 2.6 Pa. The hydrocarbons were quantified 
using a gas chromatograph equipped with a mass selective detector (GC-MSD, Hewlett 





cryofocusing pre-concentration system (Entech Instrument 7100A, Simi Valley, CA). 
This system used a Dean Switch™ (Agilent Technologies, Santa Clara, CA, USA) to 
introduce the effluent into a DB-624 column (60 m × 0.25 mm × 1.8 μm; J&W 
Scientific, Folsom, CA, USA) with an MSD to separate and analyze C4–C12 
hydrocarbons and halocarbons. A PLOT (Al/KCl) column (30 m × 0.25 mm × 3.0 μm; 
J&W Scientific) with an FID was used to measure the C2–C4 hydrocarbons.  
The Photochemical Assessment Monitoring Stations (PAMS) (55 NMHCs) and 
Toxic Organic-15 (TO-15) standard mixtures were used to calibrate the GC-MSD/FID 
system that measured the C2–C12 VOCs. Samples with known concentrations of four 
VOCs (bromochloromethane, 1,4-difluorobenzene, chlorobenzene-d5 and 1-bromo-3-
fluorobenzene) were used as internal standards for each sample to calibrate the system. 
The GC-MSD/FID system was calibrated at five concentrations, ranging from 0.5 to 8 
ppbv, for each of these four compounds before sample analysis. Correlation 
coefficients, ranging from 0.987 to 0.999 showed that the integral areas of peaks were 
proportional to the concentrations of the target compounds. A gas standard (diluting 
from 1 ppmv to 2 ppbv) was measured each day to check the stability of the system. 
Summary statistics of the VOCs along with the method detection limit (MDL) (ranging 
from 0.002 to 0.027 ppbv) are reported in Table 2.2. Total uncertainty for VOC 
measurements reflects instrument noise, plus uncertainty in calibration standards, 
contamination, and pressurization. Best estimate of the total uncertainty is ±20% with 
95% confidence due to uncertainties associated with airborne sampling platforms. 
Intercomparison experiments of VOC measurements between PKU and other 






Table 2.2. Summary statistics of alkanes, alkenes/alkynes, and aromatics quantified for all 
WAS canisters (pptv), as well as the method detection limit (MDL, in pptv), rate constants 
with OH (kOH), maximum incremental reactivity (MIR) value, and ratio to CO (pptv/ppbv) 
for compounds with R>0.50. Values less than 1 pptv are not shown.  
* TO-15 method, where the standard deviation of seven replicates near the detection limit are 
multiplied by 3.14 (Student’s t value with 99% confidence). 
‡ Reaction rate coefficient with OH. 
† Maximum Incremental Reactivity (MIR, units=g O3/g VOC), from Carter, (2010). 
 Mean 
(STD) 
Min 50th Max MDL
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The Atmosphere-Aerosol-Boundary Layer-Cloud (A2BC) Interaction Joint 
Experiment campaign collected meteorological, aerosol, and trace gas information 
from a ground-based site in Xingtai (114.36°E, 37.18°N, 182 m ASL) from May to 
December 2016 (Wang et al., 2018b, 2019b). An intensive observation period in May 
and June 2016 was conducted to coincide with ARIAs. Data from A2BC instruments 
used in our analysis include: (1) a NOx analyzer with a molybdenum converter (Ecotech 





(3) a UV absorption O3 analyzer (Ecotech model 9810A). Results of NO2, SO2, HONO, 
HCHO, CHOCHO, and aerosols derived from the Differential Optical Absorption 
Spectrometer (DOAS) are summarized by Yang Wang et al., (2019). The A2BC site is 
located in northwest Xingtai, nestled in the east foothill of the Taihang Mountains. 
Agricultural crops surround the site, consisting heavily of winter wheat, that is 
harvested, with the stubble burned in June (Liu and Si, 2011). Xingtai is a city with 
approximately 7 million people and is surrounded by industry including coal mining 
and coal-burning power plants, cement and steel industries, chemical processing, iron-
smelting, and glass manufacturing.  
2.2.2 Box Model Simulations  
A box model called Framework in 0-Dimensional Atmospheric Modelling 
(F0AMv3.1) (Wolfe et al., 2016) is used to evaluate oxidation processes to understand 
O3 photochemical production both at the surface and aloft. The box model simulations 
cover the Y-12 flight tracks during seven flights and daytime hours at the A2BC 
supersite in Xingtai (where the Y-12 conducted spirals) using the Carbon Bond 
Mechanism, version 6, revision 2 (CB6r2). Both the Y-12 flights and surface 
simulations define a physical loss lifetime of 24 hours to mitigate build-up of long-
lived oxidation products over multiple days of integration.  
  For the ARIAs flight data, the model is constrained by 1-minute average 
observed concentrations of NO2, CO, and O3. Due to the limited number of grab 
canisters per flight, VOCs are constrained based on the altitude of the sampling relative 
to the height of the PBL, which is determined using potential temperature and water 





of the PBL during a flight are averaged. Data from all of the WAS canisters for the 
entire campaign collected above the research flight’s PBL are averaged for that flight. 
Periodic missing Y-12 NO2 data due to internal auto-zeroing are linearly interpolated 
since gaps were short (~2 minutes). The chemical system defined by each set of 
observations is integrated 5 days forward in time, in 1-hour time steps with diurnal 
variation of solar zenith angle (SZA), in order for calculated reactive intermediates to 
achieve diel steady state. Reaction rate constants are calculated using aircraft 
measurements of pressure, temperature, and relative humidity. The SZA is determined 
based on the time and location of the aircraft, and used to calculate photolysis rates as 
described below.  
For the A2BC surface data, the model is constrained by 5-minute average 
concentrations of VOCs, NO2, CO, and O3 on days that a flight occurred. For May 17, 
surface data for NO2 is filled with 1-hour average data collected for other days of the 
month, due to missing surface measurements on this day. The average concentrations 
from the WAS canisters below 500 m are used as ground concentrations since A2BC 
did not measure VOCs at the surface. Similar to the flight data, the chemical system 
for the surface observations is integrated for 3 days forward in time, in 1-hour time 
steps with time-varying SZA, to reach diel steady state. Reaction rate constants are 
calculated from ground measurements of pressure, temperature, and relative humidity. 
Time and ground elevation are used to calculate the SZA, which controls photolysis 
frequencies as described below. 
Photolysis frequencies, not measured during ARIAs or at the A2BC supersite, 





and quantum yields with solar spectra derived from the NCAR Tropospheric 
Ultraviolet and Visible (TUV) version 5.2 radiation model. At the start of the model 
run, input solar zenith angle, altitude or elevation, O3 column, and surface albedo are 
used for linear interpolation across TUV lookup tables (F0AM’s “hybrid” method). We 
use SZA and altitude/elevation from ARIAs/A2BC measurements and constant values 
for ozone column (325 DU) and surface albedo (0.17), which we estimate based on 
concurrent data from the OMI Level 3 OMDOAO3e data product 
(https://disc.gsfc.nasa.gov/datasets/OMDOAO3e_003/summary?keywords=OMDOA
O3e_003). A correction factor of 0.8, determined by trial and error, is used to scale j-
values to better agree with the observed NO/NO2 ratio.  
The impact of aerosols on O3 production depends on the optical properties as 
well as the vertical distribution (Dickerson et al., 1997; Kelley et al., 1995). In the 
presence of scattering and absorbing aerosols, photolysis frequencies will be altered, 
thus changing the O3 formation and atmospheric oxidizing capability (Wu et al., 
2020a). Previous research over China has shown that as AOD increases, the extinction 
effect of aerosols on photolysis frequencies decreases due to a higher proportion of 
scattering aerosols under high AOD conditions (Wang et al., 2019a). Optical depth, 
single scattering albedo, and angstrom exponent during ARIAs (see Wang et al., 2018a) 
are used in the TUV online calculator 
(https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-
radiation-model) to assess the impact of aerosols on photolysis frequencies. Most of 
the aerosol particles during ARIAs were concentrated in the lowest 2 km of the 





~0.2. The impact of aerosol optical properties measured during ARIAs on photolysis 
frequencies is small compared to the default setting, so no additional adjustments are 
made to the model values.  
The method described here to constrain VOCs introduces large uncertainty due 
to the sparsity of measurements obtained over a large area that potentially consists of a 
wide variety of chemical compositions. However, the production of O3 aloft is not well 
characterized over Hebei, so our observations may help improve the understanding of 
air pollution in this region, despite this limitation. Additionally, unlike a 3-dimensional 
chemical transport model, the box model simulations do not include advection or 
emissions. These processes, while important, are not included in the box model since 
O3 precursors were measured and used to constrain the box model calculations. Box 
modelling is used to gain an understanding of O3 production and its sensitivity to 
ambient levels of NOx and VOCs based upon measured meteorological parameters and 
the concentration of a wide variety of chemical species. 
2.2.3 Ozone Production and Sensitivity Calculations  
The photochemical production of O3 during the daytime is determined by the 
production rate of NO2 molecules from the HO2+NO and RO2+NO reactions minus the 
loss mechanisms (Finlayson-Pitts and Pitts, 1999). Thus, the net O3 production rate, 
net(PO3) can be estimated following Equation 1: 
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where k denotes the different reaction rate constants and RO2i is the concentration of 
individual organic peroxy radicals. The terms subtracted from the production of O3 are 
the loss mechanisms: the formation of nitrates, P(RONO2), the reaction of OH and NO2 
to form nitric acid, the reactions of OH and HO2 with O3, the reaction of O(1D) with 
H2O, and the reactions of O3 with alkenes. Additional terms not included here are the 
rate of O3 loss by dry deposition and direct loss on aerosol surfaces (dilution is the only 
physical loss in the current F0AM setup).  
We evaluate the sensitivity of O3 production to NOx and VOCs using the ratio 
of LN/Q, where LN is the radical loss through reactions with NO and Q is the primary 
radical production (Kleinman, 2005a). When LN/Q is much less than 0.5, the O3 
production regime is NOx-limited; when LN/Q ratio is much higher than 0.5, the regime 
is VOC-limited. Different environments can have varying amounts of organic nitrates 
that impact the cut-off value of LN/Q, so this value could vary around 0.5 (Kleinman, 
2005b). 
2.3 Observations of Nitrogen Oxides, Carbon Monoxide, and Ozone 
Our observations confirm heavy loadings of air pollution over Hebei. Vertical 
profiles show peak median concentrations of NO (1.6 ppbv), NO2 (4.4 ppbv) and NOy 
(25.7 ppbv) below 500 m with large variability (Figure 2.3). Median concentrations of 
NO and NO2 drop off gradually with altitude, while median NOy remains close to ~15 
ppbv throughout most of the profile. Between 500 and 1000 m, sufficient levels of NOx 
are observed (median=3.8 ppbv), indicating continued production of O3 in the PBL. 
Above 3000 m, median concentrations of NO and NO2 fall to 350 pptv and 106 pptv, 





travels downwind. Median mixing ratios of O3 and CO remain high (~80 ppbv and 





Unlike previous airborne studies over Beijing from 1994-2005 that found 
increased O3 concentrations below 1 km with constant levels (~52 ppbv) between 1 and 
2 km (Ding et al., 2008), our O3 concentrations peaked between 1000 and 1500 m 
(median = 91.6 ppbv). Low ratios of NOx/NOy (<0.30) indicate significant O3 
production had already occurred, but the strong correlation (R=0.71, Figure 2.4) 
Figure 2.3. Box and whisker plots of 1-second profiles of NO, NO2, NOy, CO, and O3 for 
data collected in 500 m bins. The whiskers show the 10th and 90th percentiles, the box denotes 
the 25th and 75th percentiles, and the central red line indicates the median value within each 
bin. Average PBL height for all ARIAs flight is ~1500 m. The total number of observations 
at altitudes above 2500 m of NO and NOy is small (~2,200 or about ~30 minutes of 





between 1-minute NOz (NOy-NOx) and Ox (O3+NO2), an empirical estimate of the O3 
production efficiency (OPE), below 1500 m demonstrates moderate production of O3 
continued during sampling. The OPE of ~3.5 during ARIAs is smaller than the average 
OPE value of ~8 obtained during 2013 DISCOVER-AQ flights in Houston (Mazzuca 
et al., 2016) and ~7.5 procured during 2011 DISCOVER-AQ flights in Baltimore-
Washington, D.C. region (Hembeck et al., 2019). The higher OPE values obtained from 
these airborne U.S. studies are likely due to the lower NOx concentrations observed in 
the U.S. relative to Hebei.  
Maps of O3 and NO2 on the Y-12 flight tracks (Figure 2.5) show the largest 
concentrations around the spiral locations as well as between the three most northern 
cities, Shijiazhuang, Julu, and Xingtai. Regions of elevated NO2 do not always 
correspond with high O3 concentrations. The flight with the maximum observed NO2 
Figure 2.4. Scatter plot of 1-minute average Ox (O3+NO2) as a function of NOz (NOy-NOx) less 
than 30 ppbv below 1500 m. The color shows the local hour of collection. The line is the linear 





mixing ratio (35.3 ppbv) during ARIAs occurred on May 17 around 8:30 am LST. The 
aircraft was flying a flat transect at 500 m from Shijiazhuang to Julu when a large peak 
of NO2, CO2 (500 ppmv), and NO (15 ppbv) was sampled. Concentrations of O3 were 
low during the time of the peak (~60 ppbv), indicating NO-O3 titration, but O3 levels 
were quite high (>90 ppbv) throughout the remainder of the flight. The maximum O3 
concentration (142.5 ppbv) was measured on May 21 during descent into Luancheng 
Airport in Shijiazhuang. Measurements of NOx were not available for this flight, but 
elevated CO concentrations (565 ppbv) were observed. High concentrations of O3 were 
also observed away from the large megacities. For instance, an O3 plume (~125 ppbv) 
was sampled on June 6 at 1500 m over a more suburban area between Shijiazhuang and 
Julu with NO2 levels ~500 pptv. 
 Figure 2.5. Maps of the ARIAs flight track colored by the 1-
second measured mixing ratio (ppbv) of NO2 (a) and O3 (b). The 





Vertical profiles of trace gases over the four spiral locations (Figure 2.6) 
generally show the highest concentrations over the two largest cities, Shijiazhuang and 
Xingtai. These two megacities exhibit the greatest variability below 500 m altitude of 
all trace gases discussed here. At 3000 m, Xingtai demonstrates the most NO2 (~800 
pptv), while the other spiral locations show ~300 pptv. Median profiles of NOy below 
500 m are highest over Julu (27.6 ppbv). Median vertical profiles of CO are relatively 
consistent (~300 ppbv) below 2000 m over the spiral locations, while Julu shows the 
highest median concentration between 2500 and 3000 m (209.1 ppbv). Measurements 
of CO above Xingtai indicate a large spread in observations at all altitudes from the 
lowest 500 m (10th percentile= 258 ppbv, 90th percentile=1049 ppbv) up to 2000 m (10th 





explained by the possible burning of wheat straw during early summer 2016. Strong 
correlations between ethane and acetylene, two biomass burning markers (see Sect. 
3.2), further suggest wheat residue burning over Xingtai. Median vertical profiles of 
O3 below 500 m were 10-25 ppbv higher in Shijiazhuang (median=96.2 ppbv) than the 
other spiral locations. Concentrations of O3 are generally stable or slightly increasing 
in the lowest 2000 m, and median O3 is 75-80 ppbv even at altitudes as high as 2500-
Figure 2.6. Vertical profiles of 1-second NO (red), NO2 (blue), NOy (green), CO (orange), 
and O3 (purple) in 500 m bins over the 4 spiral locations: Xingtai (a), Shijiazhuang (b), 
Quzhou (c), and Julu (d). The dashed lines indicate the 10th and 90th percentiles, the solid 
line is the median and the dotted line is the mean. We remove observations of NO/NOy 





3000 m. Xingtai shows the smallest variability of aloft O3 levels above 2000 m, likely 
due to the position of this city on the leeward side of the Taihang Mountains. 
The vertical profiles of O3 compared to concurrent surface measurements in 
Xingtai indicates the A2BC site usually observed larger average concentrations than 
observed aloft, but this difference was highly dependent upon time of day (Figure 2.7). 
The early afternoon profiles on May 8 showed average surface concentrations only 
slightly higher than the Y-12 measurements at ~400 m, while the mid-afternoon 
profiles on May 21 showed ~25 ppbv higher surface O3 concentrations than Y-12 
observations. At low altitudes (~700 m), the late morning flight (around 11:00 LST) on 
May 28 observed levels of O3 ranging from 72-80 ppbv, comparable to average surface 
concentrations of 78 ppbv at the same time due to the development of the PBL which 
mixes the residual O3 aloft. By contrast, the afternoon flight (approximately 17:00 LST) 
Figure 2.7. Vertical profiles (N=19) of 1-second O3 concentrations (ppbv) from the 
Y-12 (circles) compared to concurrent average concentrations measured at the A2BC 
site in Xingtai (diamonds). The average surface O3 concentration was computed by 
averaging the 5-minute data interval starting 30 minutes before the spiral until 30 





at the same altitude later that day observed ~25 ppbv lower levels of O3 compared to 
the surface (average=121 ppbv). All profiles on June 11 showed 10-30 ppbv lower 
average surface concentrations than measured during the Y-12 spirals.  
The overall measured concentrations (1-second data, standard deviation, 
minimum, and maximum values) of NOx, CO, and O3 in this study are compared with 
other airborne studies in China including KORUS-AQ flights when outflow was 
directly from China (Table 2.3). Comparable to our range of NOx levels from 
concentrations near the detection limit to 53.2 ppbv, autumn flights in the Yangtze 
River Delta in 2007 documented large variability in NOx concentrations, ranging from 
3 to 40 ppbv (Geng et al., 2009), while April 2006 observations in northern China 
similarly find a mean concentration ~5 ppbv (Wang et al., 2008b). The minimum CO 
concentration during ARIAs (80.5 ppbv) was measured in the lower free troposphere, 
which is a much smaller minimum concentration than reported by earlier studies. The 
warm-sector PBL air ahead of a cold front in April 2005 in Shenyang Province in 
northeast China found ~300 ppbv CO between 1000 and 4000 m (Dickerson et al., 
2007), generally larger than most ARIAs profiles (except for Julu). The maximum 
value of CO during ARIAs (over 6 ppmv) agrees better with the literature, although 
there are few reported aircraft measurements of CO in Northeast Asia. Average and 
maximum O3 concentrations during ARIAs were much higher than in other studies, but 
comparable to KORUS-AQ measurements from May 24-29 when the flow of air was 
direct from China. Since the majority of past airborne studies occurred over the sea 





environment like Hebei experienced much larger amounts of O3 than previously 
reported.  
Table 2.3. Aircraft monitoring results (all altitudes mostly in the PBL, 1-second data) in 
comparison with other airborne studies in the region. All units are ppbv. 
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* Statistics calculated for 1-second data during three flights at all altitudes during the 
“extreme pollution period” (Choi et al., 2019) where the KORUS-AQ DC-8 flew over the 
Yellow Sea to measure outflow from China. 
a Yang et al., (2016). 
b Geng et al., (2009). 
c Dickerson et al., (2007) 
d Wang et al., (2008). 
e Hatakeyama et al., (2005). 
f Inomata et al., (2006). 
 
The ratios between combustion tracers can be used to understand the source and 
efficiency. During high-efficiency combustion in modern power plants, fuel carbon is 
converted to CO2 with near unit efficiency, resulting in low CO/CO2 (<0.10%), while 





combustion) yields larger ratios. The regression of 1-second CO against CO2 (Figure 
2.8) shows high linear correlation (R=0.90) and high ratios of CO/CO2 (3.1%) together 
with large amounts of SO2. These measurements are illustrative of low-efficiency fossil 
fuel combustion, likely from residential coal burning as these observations were all 
collected at ~500 m, and are compared to other studies in Table 2.4. Our results 
indicating the prevalence of low-efficiency combustion agree with KORUS-AQ 
airborne data over the Yellow Sea during Chinese-sourced inflow (1-4% CO/CO2) 
(Halliday et al., 2019), as well as with December 2017 surface measurements at 
Jingdezhen station in central China of 2.6% when air mass transport was from northern 
China (Xia et al., 2020). Compared to earlier studies in rural and urban areas of Beijing 
in the mid-2000s (Han et al., 2009; Wang et al., 2010b) and to 2011 measurements in 
Nanjing (Huang et al., 2015), the ARIAs CO/CO2 ratio is 0.1-2.7% lower, evident of 
some success of regional pollution control strategies. By contrast, our CO/CO2 ratio is 
Figure 2.8. Scatter plots of 1-second (a) CO and CO2, (b) CO and NOy, and (c) CO and 
NOx colored by the SO2 mixing ratio for all ARIAs flights. The dashed line shows the 
linear regression for each plot. The dotted line in panel a indicates the higher ratio 





higher than satellite-derived ratios over megacities that have implemented extensive 
pollution control measures (Silva et al., 2013). Similarly, compared to airborne 
measurements from the 2015 Wintertime INvestigation of Transport, Emissions, and 
Reactivity (WINTER) campaign in the Baltimore/Washington, D.C. region (Ren et al., 
2018), our CO/CO2 ratio is about a factor of 6 larger. Higher CO/CO2 ratios (~6%) with 
less than 0.1 ppm SO2, as seen briefly during three ARIAs flights, are more in line with 
emissions from burning of wheat straw in Hebei of ~6% (Cao et al., 2008), and other 
inefficient, biofuel combustion. 
Table 2.4. Comparison of CO/CO2 ratios during ARIAs to other ground-based and aloft 
measurements in China and developed regions of the world. Stars (*) indicate aircraft studies. 
Study Location Year CO/CO2 (%) 
This Study* North China Plain May-June 2016 3.1 
Wang et al. (2010) Miyun, rural Beijing Winter 2004 5.8 
Winter 2008 3.8 
Huang et al. (2015) Nanjing, China 2011 3.4-4.2 





New York 1.3 
Han et al. (2009) Beijing, China 2005-2006 Fall: 3.0 
Winter: 4.4 
Tang et al. (2018)* West Sea May-June 2016 2.18 
Seoul  1.18 
Xia et al. (2020) Jingdezhen station, 
central China 






Ren et al. (2018) Baltimore/Washington, 
D.C. 
Winter 2016 0.53 
 
The ∆CO/∆NOy ratio (equivalent to the slope in a CO vs. NOy plot) (Figure 2.8) 
is an indicator for distinguishing plumes with efficient O3 formation, Typical values of 
this ratio are ~40 in background air and between ~4-7 in fresh emissions plumes in 





indicates some photochemical aging and contributions from fossil fuel or biomass 
burning, but high values of CO, NOy, and SO2 suggests sampling of air parcels heavily 
influenced by power plants. The CO/NOx emission ratio (Figure 2.8) from ARIAs 
agrees with higher emission ratios of gasoline vehicles, while higher amounts of CO, 
NOx, and SO2 indicate coal burning from the residential sector or inefficient electric 
generating units. While most of these observations are reflective of the prevalence of 
low efficiency fossil fuel combustion, the aircraft sampled a plume on June 6 while 
flying spirals over Julu containing 0.9% CO/CO2 and 0.4% SO2/CO2 (Figure 2.9), 
likely due to a coal-burning power plant operating at high combustion efficiency, either 
using a sulfur scrubber or burning low sulfur fuel. 
 
2.4 Observations and Sources of VOC 
 
Figure 2.9. Scatter plot of 1-second CO (ppbv) and CO2 (ppmv) (left) and SO2 (ppbv) and 





The total measured VOC mixing ratios ranged from 4 to 23 ppbv, largely 
dependent upon the altitude of collection, and was mostly dominated by alkanes (Figure 
2.10). The samples associated with the largest concentrations of O3 were all collected 
at altitudes ~500 m during a period with stagnant high pressure. Generally, the samples 
collected below 500 m showed larger amounts of alkenes/alkynes and aromatics than 
canisters collected elsewhere in the PBL. 
 
The top VOCs ranked by mean volume mixing ratio (Table 2.5) shows that 
alkanes dominate the total measured VOC mixing ratio during ARIAs (68%), followed 
by alkenes/alkynes (17%), and aromatics (15%). The top 10 VOC species are C2-C5 
alkanes, C2-C3 alkenes/alkynes, benzene, and toluene. The observed mixing ratios of 
Figure 2.10. Total VOC mixing ratio for each WAS canister during ARIAs colored by 
alkanes (red), alkenes/alkynes (green), and aromatics (blue). The concurrent O3 mixing 
ratio, divided by 5, is shown in grey diamonds (using left y-axis) and the pressure 





ethane and propane are 2.65 ppbv and 1.39 ppbv, respectively, which together accounts 
for ~52% of the total alkane mixing ratio.  
Table 2.5. Comparison of the top 10 most abundant species measured in this study with other 
ground observations in China (Units: ppbv). 
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a43 Cities, China (Barletta et al., 2005). 
bQZ, Quzhou, BJ, Beijing (Li et al., 2015b). 
cNJ, Nanjing, Yangtze River Delta (An et al., 2017). 
dGZ, Guangzhou, Pearl River Delta (Zou et al., 2015). 
eFS, Foshan, Pearl River Delta, haze days (Guo et al., 2011). 
fLZ, Lanzhou (Jia et al., 2016). 
 
The levels of ambient VOCs during ARIAs are generally lower than prior 
surface observations since measurements were taken in the PBL away from primary 





majority (>50%) of the total VOC concentration in late spring in the Beijing-Tianjin-
Hebei region (Li et al., 2015b; Tang et al., 2009; Yuan et al., 2013). The most abundant 
species during ARIAs are comparable to previous studies finding ethane, propane, and 
acetylene among the most prevalent, but likely have different sources based on the 
study location (Jia et al., 2016; Li et al., 2015b; Mo et al., 2015; Tang et al., 2009). In 
the Beijing-Tianjin-Hebei region, ambient acetylene, ethylene, and other light alkanes 
have been attributed to emissions from gasoline vehicles  (Li et al., 2015b), while in 
Guangzhou, the widespread use of LPG has resulted in high levels of propane (Guo et 
al., 2011). Additionally, our observations have higher amounts of branched alkanes, 
such as 2,2,4-trimethylpentane and 2-methylheptane (both components of gasoline), 
but lower amounts of isoprene due to collection over mostly urban regions with lower 
ambient temperatures than the summer months. Since isoprene with a lifetime of hours 
(Seinfeld and Pandis, 2006) in the summer typically exhibits a strong vertical gradient 
in the PBL (Huang et al., 2017), we find the mean amount of isoprene measured during 
ARIAs is about 7 times lower than average May 2014 surface measurements in Beijing 
(Li et al., 2015b), as well as ~200 pptv lower than June-July 2007 airborne 
measurements in the PBL in NE China (Xue et al., 2011). Next, we examine the 
potential sources contributing to observations of VOCs by comparing with ratios and 
correlations from known sources. 
Since CO can be a marker for anthropogenically emitted hydrocarbons, 
particularly combustion products, we first use the ratios of various VOCs to CO to 
reveal insight into changes in emissions in the region. Ratios of VOCs to CO can vary 





provide details about fuel types and combustion efficiency between metropolitan 
regions. Despite ARIAs measurements sampling in close proximity to local VOCs 
sources, most VOCs do not correlate strongly with CO, reflective of the lack of 
common source signatures and some photochemical aging of the sampled airmasses. 
We report slopes of VOCs/CO in Table 2.2 when R>0.50. Ethane has the strongest 
correlation with CO (R=0.72) and the slope (2.5 pptv/ppbv) agrees well with ratios 
from urban areas of the United States in 1999-2005 (2.4 pptv/ppbv) (Baker et al., 2008) 
as well as with charcoal burning emission ratios (Andreae and Merlet, 2001). The 
ARIAs emission ratio of benzene/CO (1.8 pptv/ppbv) is slightly higher than found in 
urban regions of the United States (0.7, Baker et al., 2008) and Mexico City (0.93-1.20, 
Apel et al., 2010), likely due to higher emissions by widespread combustion of coal 
and agricultural residues (Zhang et al., 2015b). By contrast, the ARIAs emission ratios 
of ethylene and acetylene to CO (2.9. and 1.4 pptv/ppbv, respectively) are lower than 
observed in urban areas in the United States (4.1 and 3.4 pptv/ppbv, respectively) and 
Mexico City (7.90-8.40 and 8.20-9.60 pptv/ppbv, respectively), where the dominant 
source was reported to be transportation-related (Baker et al., 2008). The lower ratio of 
ethylene/CO is comparable to emission ratios reported from charcoal burning (2.3 





Ethane is the most abundant VOC in this study and correlates well with indicators for 
biomass and coal burning (R>0.81), such as acetylene, ethylene, benzene, and SO2. 
The ratio of acetylene to ethane (Figure 2.11) during ARIAs is 0.59, comparable to 
the ratio found in a plume of fresh biomass burning in Canada  (Blake et al., 1994) 
and within the range of crop residue burning (~0.2-0.6) found in other studies in 
China (Chen et al., 2017). High ratios of benzene/propane (1.12) are comparable to 
dry grass combustion samples collected in the central Pearl River Delta (PRD) (1.6) 
(Wang et al., 2005) and further confirm the presence of VOCs due to biomass 
burning. 
Figure 2.11. (a) Scatterplot of acetylene with ethane (green upward triangles), propane 
(orange diamonds), ethylene (purple downward triangles), and benzene (navy ´’s) for all 
WAS canisters during ARIAs. (b) Regression plots of o-xylene with m/p-xylene (red circles) 
and ethylbenzene (yellow squares). The dashed lines show the results of a linear least squares 





The C3 and C4 alkanes, including propane and the butanes, are the three main 
components of LPG and their correlation acts as an indicator for LPG leakage. In this 
study, a moderate correlation (R~0.50) is found between n-butane and propane and i-
butane with n-butane. The ratio of n-butane/propane during ARIAs is 0.60, which 
agrees well with ratios from vehicle emissions (Liu et al., 2008a), but is lower than 
slopes measured in the PRD (2.1) (Lai et al., 2009), where VOCs originated from LPG 
leakage. Additionally, propane correlates well with acetylene and ethylene (Figure 
2.11), two well-known vehicular emission tracers.  
Since acetylene and propane have comparable photochemical lifetimes with 
respect to OH attack, the ratio can be used to assess the relative importance of fossil 
fuel combustion and LPG leakage (Goldan et al., 2000). LPG contains propane but not 
acetylene (acetylene/propane<1) while combustion of fossil fuels commonly produces 
small amounts of propane relative to acetylene (acetylene/propane>1) (Conner et al., 
1995; Gilman et al., 2013; Russo et al., 2010; Watson et al., 2001). In this study, the 
acetylene/propane ratio (Figure 2.11) is greater than 1, indicating emissions from 
vehicles (Fraser et al., 1998). These results suggest vehicles are largely responsible for 
the C3 and C4 alkanes as well as the C2 alkenes/alkynes observations. 
The C5 alkanes and some C6 alkanes like 2,3-dimethylbutane and 2-
methylpentane are found in vehicular exhaust and in gasoline vapor (Tsai et al., 2006). 
The i-pentane to n-pentane ratio is commonly used to identify the contributions of 
natural gas, vehicular emissions, and fuel evaporation since these alkanes have similar 
boiling points, vapor pressures, and reaction rate coefficients with OH. In areas heavily 





while higher ratios are associated with vehicle emissions (2.2-3.8) and fuel evaporation 
(1.8-4.6) (Jobson et al., 2004; McGaughey et al., 2004; Russo et al., 2010; Wang et al., 
2013). In this study, i-pentane and n-pentane are highly correlated (R=0.93), indicating 
a common source of these compounds. The slope is 10.3, higher than reported in 
previous studies in China (Li et al., 2019), and the large i-pentane concentrations are 
likely reflective of gasoline evaporation due to the extremely volatile nature of i-
pentane. The influence of fuel evaporative emissions is further identified by strong 
correlations between C4-C7 alkanes and alkenes typical of fuel evaporative emissions. 
Strong correlations of many long-chain alkanes (C6-C7 and octane) with i-pentane 
(R>0.73 except for cyclohexane) but absence of correlations with acetylene indicates 
solvent evaporation may be another source of long-chain alkanes.  
Typically, the ratio of cis-2-butene/trans-2-butene is used to determine the 
source of C4 alkenes (Li et al., 2015b; Velasco et al., 2007). However, in this study, all 
measurements of cis-2-butene and trans-2-butene are below the detection limit, so 
assessing the ratio and correlation is not possible. Previous studies in this region in 
China have attributed C4 alkenes to vehicular emissions (Li et al., 2015b). 
The correlation between the C7-C8 aromatics is strong (R>0.76) and revealing 
of typical signatures from incomplete combustion. The toluene/ethylbenzene ratio 
(10.7) is higher than traffic and urban emission ratios (~5-8), but closer to ratios 
associated with biomass burning (9.41) (Monod et al., 2001; Parrish et al., 1998a). 
Toluene also correlates with all C7-C9 alkanes (R>0.64) and with i-pentane (R=0.85), 
compounds from diesel and gasoline evaporation. High levels of toluene reported in 





evaporation, while Chan et al., (2006b) attributed the high toluene levels in different 
PRD cities to industrial solvent usage.  
There is an excellent correlation (R>0.99) between o-xylene and m/p-xylene 
(Figure 2.11) and the slope (0.33) is comparable to the emission ratio found in a tunnel 
study (0.35) (Liu et al., 2008a). The o-xylene/ethylbenzene (0.60, Figure 2.11) slope is 
lower than vehicle exhaust emission ratios (1.2-1.8) (Conner et al., 1995; Jobson et al., 
2004; Kirchstetter et al., 1996; Rogak et al., 1998; Sagebiel et al., 1996), but the 
correlation is extremely strong, suggesting the preferential loss of xylenes during 
transport due to their higher reactivity. These correlations and ratios suggest incomplete 
combustion from vehicular emissions and biomass burning are an important source of 
C7 and C8 aromatics. 
The ratio between benzene/toluene (B/T) is a useful indicator to distinguish 
between vehicular emissions and other combustion sources. A ratio ~0.5 is often 
attributed to vehicular sources (Brocco et al., 1997; Perry and Gee, 1995), while ratios 
larger than 1 have been reported for coal or charcoal burning (Andreae and Merlet, 
2001; Moreira Dos Santos et al., 2004). Benzene was observed at high mean ratios over 
Hebei (0.51 ppbv) and the average B/T ratio is 1.8±1.6 ppbv/ppbv. The correlation of 
some hydrocarbons can highlight the differences between B/T>1 (N=17) and B/T<1 
(N=9). The correlation found between benzene and acetylene when all samples are 
grouped together (Figure 2.11) substantially improves just considering “traffic-related” 
samples (B/T<1) (R=0.93), suggesting a contribution of vehicular sources to benzene 





2.5 The effect of VOCs on Ozone Formation 
In order to effectively reduce O3 concentrations, it is crucial to understand the 
relative importance of individual VOCs in terms of the production of O3 because each 
VOC exhibits different chemical reactivities. In this section, we present results using 
the loss rate of each VOC species with OH and ozone formation potential (OFP) 
assuming no influence of aerosols. Since the aerosol effect on O3 formation is 
dependent upon time of day (solar zenith angle), meteorology, levels of local and 
neighboring aerosols, and the VOC/NOx ratio, the calculations presented here are 
simplified compared to the more complicated chemical composition of the atmosphere, 
but are still useful to help inform control strategies.  
2.5.1 OH loss rate of VOC species 
The calculation of the first-order loss rate of OH with different VOCs, termed 
OH reactivity, provides a measure of the potential to produce HO2 and RO2, key 
intermediate species in the production of O3 (Stroud et al., 2008). Since the reaction 
with OH accounts for the majority of loss of most VOCs, the rate constant (obtained 
from the Master Chemical Mechanism version 3.3.1 (MCM3.3.1) and the National 
Institute of Standards and Technology (NIST) Chemical Kinetics database 
(www.kinetics.nist.gov/)) for the reaction between OH and various hydrocarbons 
reflects the overall reactivity of that hydrocarbon (Finlayson-Pitts and Pitts, 1999). OH 
reactivity for each VOC species (VOCi) is defined by Equation 2: 
𝑂𝐻𝑅(𝑉𝑂𝐶() = 𝑘#"$0#11 ∗ [𝑉𝑂𝐶(]     (2) 
Where 𝑘#"$0#11 is the reaction rate constant between OH and VOCi. Among the VOC 





reactivity, accounting for 37% each. Aromatics accounted for 26% of the total VOC 
reactivity. The relative contribution of the top 10 VOCs ranked by mean OH reactivity 
(Table 2.6) shows ethylene, propylene, and isoprene among the top measured alkene 
species, together contributing ~33% to total OH reactivity. Among the alkanes, 2-
methylpentane and i-pentane contribute the most (13%) to total OH reactivity, followed 
by the branched pentanes and propane. Aromatic compounds such as toluene and m/p-
xylene constitute 13% to total OH reactivity. Previous ground-based summer studies 
in China have found larger contributions of isoprene to OH reactivity, ranging from  
~10-30% (Li et al., 2015b; Xue et al., 2017), than ARIAs (7.2%).  
 
Table 2.6. Top 10 VOC species (mean and percentage breakdown) which contribute to O3 
formation based on OH reactivity and O3 formation potential during ARIAs. 
 
 
OH Reactivity Ozone Formation Potential 
Species Mean (s-1) % Species Mean 
(ppbv O3) 
% 
Ethylene 0.18 15.7 Toluene 5.81 19.6 
Propylene 0.11 9.6 Ethylene 4.65 15.7 
Toluene 0.10 8.9 m/p-Xylene 1.87 6.3 
2-Methylheptane 0.09 7.9 Propylene 1.72 5.8 
Isoprene 0.08 7.2 i-Pentane 1.47 5.0 
i-Pentane 0.06 5.1 2,2,4-Trimethylpentane 1.30 4.4 
m/p-Xylene 0.05 4.1 2-Methylheptane 1.02 3.4 
2,3,4-
Trimethylpentane 
0.03 3.0 i-Butane 0.93 3.1 
2,2,4-
Trimethylpentane 
0.03 2.8 o-Xylene 0.72 2.4 





2.5.2 Ozone formation potential of VOCs 
Since OH reactivity only provides a qualitative identification of the most 
reactive species and does not reflect products and their production of further free 
radicals, we next consider the contribution to the formation of O3 using ozone 
formation potential (OFP). The OFP of a VOC relies on the quantity maximum 
incremental reactivity (MIR), which represents the amount of O3 formed from the 
addition of a small amount of the VOC species in interest under high NOx conditions. 
Values of MIR (unit: g O3/ g VOC) have been calculated based on model simulations 
evaluated with smog chamber measurements (Carter, 2010, 1994). The OFP is 
calculated according to Equation 3: 
𝑂𝐹𝑃	(𝑉𝑂𝐶() = 𝑀𝐼𝑅0#11 ∗ [𝑉𝑂𝐶(]    (3) 
This method gives an estimate of only the first 24 hours after initial release. The 
median measured VOC/NOx ratio for all WAS canisters was 4.9 ppbv/ppbv. In 
comparison, the ratio of reactive organic gas to NOx (ROG/NOx) in Los Angeles is 7.6 
ppbv/ppbv (Carter, 1994). VOCs experience photochemical loss from emission sources 
near the surface to measured aloft concentrations. Estimation of OFP from aircraft 
observations throughout the PBL indicates how formation of O3 may be different from 
previous surface studies. 
To identify the major contributors to O3 formation in this region, the 10 species 
with the highest mean OFP are listed in Table 2.6. Aromatic compounds are the largest 
contributor to total OFP (43%), followed by alkanes (30%) and alkenes/alkynes (27%). 
Toluene and ethylene make the largest contributions (19.6% and 15.7%, respectively) 





O3/g VOC, respectively) and large mixing ratios (4.9% and 5.7% of the total measured 
VOC volume mixing ratio) drives their important contribution to O3 formation. The 
relatively short lifetime of ethylene (~1.4 days) combined with the large range of 
measured mixing ratios (0.18 to 3.54 ppbv) suggests sampling of air masses with little 
to moderate photochemical processing, indicating the large range of influence on OFP. 
The most reactive compound in terms of OFP is trans-2-butene (MIR=15.16 g O3/g 
VOC), but its low concentration results in only 0.2% to total OFP. At the other extreme, 
ethane accounts for a relatively high percentage of total measured VOC volume mixing 
ratio (17.0%) yet only contributes 2.1% to OFP due to its low reactivity (MIR=0.49 g 
O3/g VOC).  
Previous studies in China report aromatics and alkenes account for the most 
OFP (Cai et al., 2010; Cheng et al., 2010; Jia et al., 2016; Liang et al., 2017; Wang et 
al., 2010a, 2016; Xie et al., 2008; Zheng et al., 2009). At a surface site in Beijing (May 
2014), Li et al. (2015) found m/p-xylene, ethylene, toluene, propylene, and o-xylene 
are most influential to OFP, while at a ground station in Tianjin (August 2018), Han et 
al. (2020) found that ethylene, isoprene, toluene, m/p-xylene, and propylene were 
important contributors to OFP. Our study supports a larger contribution of 
anthropogenic VOCs than biogenic VOCs in spring, although summer studies indicate 
a major role for isoprene to the formation of O3 in the NCP (Han et al., 2020; Zong et 
al., 2018). Since isoprene is mostly emitted by biogenic sources during the warmer 
summer months with strong solar radiation and when soil moisture is sufficient for 
plant growth, we expect isoprene to have a larger impact on O3 production in the 





ethylene, toluene, and m/p-xylene are the main contributors to OFP during spring 2005 
at the surface in the PRD, citing emissions from industry and vehicular exhaust. Our 
study agrees with past research in urban areas in China identifying the most reactive 
VOCs in terms of OFP; O3 appears to be formed more slowly above the surface and in 
nonurban areas, but production is still substantial. 
National measures for Chinese VOCs abatement were released in 2015, mainly 
focused on the reduction of anthropogenic VOCs from sources in the petrochemical 
industry, organic chemical industry, packaging printing, and industrial coating, not 
considering reactivity or chemical speciation (Li et al., 2018a). A 2010 VOC emission 
inventory study concluded the top 15 OFP species (including m/p-xylene, toluene, 
propylene, o-xylene, and ethylbenzene) contributed 69% of total OFP, but only 
accounted for 30% of the total emission of VOCs by mass (Liang et al., 2017). Our 
analysis of the top 10 species ranked by mean OFP shows these compounds contribute 
68% to total OFP but only represent 37% of the total volume mixing ratio. Li et al., 
(2018) classifies industrial coal burning, biomass burning, and motorcycles to the top 
three VOC emission sources in Shijiazhuang, but OFP is highest for furniture coating, 
automobile coating, diesel vehicles, fuel evaporation, and gasoline vehicles. These 
results confirm that reactivity scales and emissions rates should be considered together 





2.6 Photochemical Ozone Production and Sensitivity 
 In this section, we describe calculated net photochemical production rates of O3 
using the box model constrained by aircraft observations. Ozone production rates 
calculated from the box model are high in major urban center, particularly Shijiazhuang 
and Xingtai, but also between these cities (Figure 2.12). The highest rates (>10 
ppbv/hour) are generally found closer to the surface, but in some instances upwards of 
2000 m. The largest net production rate of O3 (over 16 ppbv/hour) was located along 
the Taihang Mountains between Shijiazhuang and Xingtai. This large net production 
Figure 2.12. (a) Map of the net production rates of O3 calculated using F0AM box model 
results along the Y-12 flight track during ARIAs. (b) Map of LN/Q, an O3 sensitivity 
indicator, along the Y-12 flight path. Ozone production is VOC-sensitive when LN/Q >0.5 
and NOx-sensitive when LN/Q <0.5 (Kleinman, 2005a). The size of the dots in both plots is 






rate occurred ~2000 m on June 11, 2016 when NO, NOy, NO2, and O3 were ~2 ppbv, 
~18 ppbv, ~3 ppbv, and ~75 ppbv, respectively.  
Vertical profiles of production, loss, and net rates of O3 (Figure 2.13) show that 
HO2+NO made more O3 than RO2+NO during the campaign. The major loss of O3 was 
due to the termination of NO2 through its reaction with OH below 2500 m. Reaction 
with O(1D) is the main loss of O3 above 2500 m. A maximum of net O3 production for 
the mean profile was observed in the lowest 500 m of ~7 ppbv/hour. In the PBL 
between 1500-2000 m, where median NO and NO2 were 534 and 625 pptv, 
respectively, O3 production rates were ~4 ppbv/hour. In the lower FT from 2500 to 
Figure 2.13. Vertical profiles of the rate of production of O3 (left), O3 loss rate (middle), and 





3000 m, peak net O3 production rates still reached ~3ppbv/hour and were conducive to 
long-range transport.  
Values of LN/Q (Figure 2.12) indicate production rates of O3 are mostly NOx-
sensitive (i.e., LN/Q < 0.5) in the PBL over Hebei and some of the largest net production 
rates of O3 are associated with NOx-sensitivity. In order to control aloft O3 production 
that has the potential to be transported downwind, NOx is the most important precursor 
to control. However, at low altitudes near urban centers, the production rate of O3 tends 
to be more VOC-sensitive (i.e., LN/Q > 0.5), particularly during morning flights. In 
urban regions of China, an O3 formation transition from VOC-limited at the surface to 
NOx-limited at ~1 km has been documented (Chen et al., 2013; Han et al., 2020). 
Additionally, many studies conclude O3 production in urban areas of China is VOC-
sensitive in spring, while likely more NOx-sensitive in more rural areas (Ran et al., 
2011; Xue et al., 2013). Using updated emissions from a nonlinear joint analytical 
inversion of VOCs and NOx from the Ozone Mapping and Profile Suite Nadir Mapper 
(OMPS-NM) formaldehyde and OMI NO2 columns during KORUS-AQ in WRF-
CMAQ, Souri et al. (2020) found the maximum daily 8 hour average surface O3 over 
the NCP to increase by 4.56 ppbv, suggesting that emission control strategies on VOCs 
should be prioritized. Pusede et al., (2014) assessed the temperature dependence of 
emission control scenarios to lower O3 in San Joaquin Valley, California and concluded 
reducing organic emissions at moderate and high temperatures with co-occurring NOx 
decreases will further diminish the number of O3 violations. Thus, the control of NOx 
as well as VOCs may be necessary to control both aloft and near-ground O3 production 






  High concentrations of O3 and its precursors were pervasive over Hebei 
Province, China in Spring 2016. In this study, we quantify the composition and 
photochemical nature of the lower troposphere associated with smog events. 
Measurements of trace gases including O3, CO, NOx, NOy, and of aerosol optical 
properties were acquired in May and June 2016. Twenty-six samples analyzed for 54 
VOCs were taken aboard a Y-12 research aircraft mostly in the PBL. Our observations 
confirm heavy loadings of pollution over Hebei. 
The major conclusions of our study are: 
1. We observed high amounts O3, ranging from 45 ppbv to 145 ppbv, with the 
highest values found over Shijiazhuang. The highest NOx concentrations were 
observed over Xingtai below 500 m. The highest NOx and CO concentrations 
were 53.2 ppbv and 6054 ppbv, respectively. Ratios of CO/CO2 indicate 
inefficient combustion from residential coal and biomass burning throughout 
the region but have decreased in China since the early 2000s suggesting the 
implementation of successful pollution control strategies. 
2. Concentrations of total measured VOCs reveals alkanes contribute the most by 
volume mixing ratio (68%), while alkenes/alkynes and aromatics together 
supply the most (74%) to the calculated OH loss rate. Aromatics constitute most 
(43%) to the total calculated OFP and toluene, ethylene, m/p-xylene, propylene, 
and i-pentane play significant roles in the aloft formation of O3 in this region. 
In contrast to other surface studies in summer, we find a lower contribution of 





VOCs include vehicular emissions, biomass burning, and fuel and solvent 
evaporation. 
3. High amounts of NOx and VOCs throughout the PBL over nonurban parts of 
Hebei Province are found to generate O3 at a peak mean rate of ~7 ppbv/hour 
below 500 m. The lower free troposphere (from ~2500 to ~3000 m) was also 
frequently polluted with CO and NO2 averaging ~125 ppbv and ~140 pptv with 
peak net production rates of O3 ~3 ppbv/hour, allowing for continued formation 
of O3 as the air mass travels downwind. The O3 production regime is found to 
be NOx-limited throughout the PBL over Hebei, while more VOC-limited at 
low altitudes near urban centers.  
Our measurements in spring 2016 over Hebei cannot represent all of China or the 
seasonal variation of O3 photochemistry, but measurements from an airborne platform 
make a valuable addition to the understanding of one of the most polluted regions in 
China, and indeed the world. The photochemistry of O3 production is highly dependent 
upon the interaction of radiation and aerosols within the PBL and future work is needed 
to assess optical properties of aerosols at wavelengths relevant to photolysis of O3 to 
O(1D) and thus OH. We show that to improve air quality in Hebei Province, both NOx 
and VOCs from vehicles and fuel evaporation should be targeted. While VOCs are 
already targeted for emission reduction in China, the substantial concentrations of O3 
observed in this study further confirm the formation of a reactivity-oriented control 






Chapter 3 Airborne Observations over Hebei Province, China 
Confirm Production and Use of CFCs 
3.1 Introduction  
The discovery of the Antarctic ozone hole prompted international action to 
reduce production, trade, and emissions of chlorofluorocarbons (CFCs) and other 
ozone depleting substances (ODSs). The resulting effort, the Montreal Protocol on 
Substances That Deplete the Ozone Layer (hereafter, the Montreal Protocol), is 
responsible for decreases in atmospheric abundances of ODSs and the start of the 
recovery of the ozone layer (World Meteorological Organization, 2018). First 
introduced as nontoxic and nonflammable refrigerants in the 1930s (Midgley, 1937), 
CFCs emissions have decreased since the 1990s (Cunnold et al., 1997) as replacements 
became dominant (Elkins et al., 1993) and the banks of unreleased material from 
refrigeration and rigid foams (Vollmer et al., 2009) and fugitive emissions from 
industry both diminished (Sherry et al., 2018). In addition to contributing to 
stratospheric O3 depletion, ODSs are potent greenhouse gases, thus the phase out of 
these compounds has enormous benefits for both the stratospheric ozone layer and the 
climate system (Velders et al., 2013). 
The recently observed slowdown in the decline of CFC-11 
(trichlorofluoromethane, CCl3F) concentrations suggests unreported new production 
despite declared near-zero production since 2010 (Montzka et al., 2018). Regional 
chemical transport model simulations merged with CFC-11 observations from Gosan, 
South Korea and Hateruma, Japan identified Shandong and Hebei provinces as 





to regions north and west of Hebei (Rigby et al., 2019). Undercover operations by the 
Environmental Investigation Agency (EIA) and the New York Times reported new 
production of CFC-11 to supply the spray polyurethane foam (SPF) industry (Buckley 
and Fountain, 2018; Environmental Investigation Agency, 2018). During the foaming 
process, 86-100% of the blowing agent may be emitted for flexible foams, while 4-
25% is emitted during the manufacture of rigid foams (UNEP, 2018). Lickley et al. 
(2020) estimated the size of CFCs stored in banks, concluding this pathway accounts 
for much of the current estimated CFC-11 and CFC-12 (dichlorodifluoromethane, 
CCl2F2) emissions, apart from the recent increase in CFC-11 after 2012, and suggests 
further analysis of CFC-113 (trichlorotrifluoroethane, C2Cl3F3) feedstock leakage and 
the potential for unreported production and use. Lastly, emissions of CFC-114 
(dichlorotetrafluoroethane, C2Cl2F4) appear to be increasing slightly at a rate of 1.9 ± 
0.84 kt yr-1 (2007-2016), with a large fraction originating in northeastern Asia and the 
Chinese mainland, despite the ban on production of this compounds under the Montreal 
Protocol (Vollmer et al., 2018). 
The historical production pathway for CFC-11 and CFC-12 occurs by 
fluorinating CCl4 (carbon tetrachloride) in the presence of an antimony catalyst. By 
varying industrial operating conditions, production ratios of CFC-11/CFC-12 range 
from 30:70 to 70:30 (Technology and Economic Assessment Panel, 2006), with CFC-
11 usually the desired historical product due to low cost and ease of use as a blowing 
agent for SPF. While consumption and production of CCl4 for dispersive purposes (i.e. 
as a solvent or cleaning agent) was banned by the Montreal Protocol since 2010, 





CCl4 new production, Lunt et al. (2018) found emissions in eastern China did not 
decline between 2009 and 2016, indicating a new source or sources of emissions in 
Shandong province after 2012. Under normal operating conditions, production of CFC-
11 as a by-product in other chemical manufacturing pathways, such as the production 
of HCFC-22, is not technically feasible and small (0.1%) (Technology and Economic 
Assessment Panel, 2018). Surface studies in the Pearl River Delta (PRD) before the 
2010 global phase-out found strong correlations between CFC-11 and CFC-12 
(r2~0.30-0.80), suggesting similar sources or use patterns (Guo et al., 2009; Zhang et 
al., 2010b). Production of CFC-113/CFC-114 and HCFC-22 typically occurs by 
fluorinating C2Cl4 (tetrachloroethylene) and CHCl3 (chloroform), respectively.  
Through Chinese/American partnerships with Peking University, Beijing 
Normal University, and the University of Maryland, an airborne field campaign called 
Air chemistry Research in Asia (ARIAs) was conducted over one of the suspected 
source regions of CFC-11 within China during 2016. Airborne observations in the 
planetary boundary layer (PBL) provide a rare opportunity to characterize aloft 
concentrations of ODSs to help understand the origin of CFCs emissions. We report 
observations of 27 whole air sample (WAS) canisters taken throughout the PBL 
onboard a Y-12 research aircraft in Hebei Province during May and June 2016. We 
find many of the 16 halocarbons quantified in this study, including CFC-11, CFC-12, 
CFC-113, and CFC-114, were often observed to be well above global background 
concentrations. Furthermore, our analysis suggests new production of some CFCs 
through correlations of CFCs and feedstocks, CCl4 and C2Cl4, used in their production. 





find evidence for new production of CFC-12 only when flow is from Inner 
Mongolia/Shanxi, and of CFC-114 only from Shandong, but widespread new 
production of CFC-11 from all source regions. These could have adverse consequences 
for ozone and climate.  
3.2 Experiment 
3.2.1 Y-12 Aircraft Measurements  
A comprehensive description of sample collection, flight path information, and 
VOC analytical details is provided in Chapter 2, so an abbreviated summary follows. 
The ARIAs campaign included 11 research flights conducted in May and June 2016 
over the highly industrialized and heavily populated Hebei Province in northern China 
(Figure 2.1). The Y-12 collected trace gas, meteorological, and aerosol optical property 
data, as well as 27 whole air samples (WAS) throughout the PBL from 500 m to 3500 
m pressure altitude (Table 1.2). Previous work has summarized this campaign, 
including (Benish et al., 2020a), F. Wang et al. (2018), and Y. Wang et al. (2019). 
Further details on aircraft instrumentation are given by Ren et al. (2018). 
In collaboration with the College of Environmental Science and Engineering at 
Peking University, 27 WAS canisters were collected directly into evacuated 3.2 L fused 
silica lined, electropolished stainless steel canisters (Entech Instrument Inc., Simi 
Valley, CA). We remove fourteen halocarbons from the analysis presented here due to 
measurements below the detection limit for over half the samples. Additional details 
on the analytical technique of VOCs are summarized elsewhere (Mo et al., 2015; Wang 





3.2.2 Intercomparison Experiment and Uncertainty Analysis 
While sampling and analytical methods and techniques may cause differences 
in abundances reported by different laboratories, the most influential factors are usually 
the calibration standards and scales used to determine the concentrations (Rhoderick et 
al., 2015). Previous VOCs intercomparison experiments between Peking University 
(PKU) and other laboratories have shown good agreement (Liu et al., 2008b), but did 
not include CFCs. In order to tie directly to AGAGE and remote atmospheric levels, 
we performed an intercomparison experiment with the China Meteorological 
Administration (CMA). Results of an intercomparison experiment conducted in May 
2020 follow below to enable a better understanding how elevated concentrations 
measured during ARIAs were above background atmospheric levels.  
The PKU group prepared a total of four samples on May 11, 2020: two each for 
a pair of halocarbon concentrations obtained by diluting a 1 ppmv TO-15 standard gas 
manufactured by Linde (65 compounds, from Spectra Gases Inc., Stewartsville, NJ, 
USA). All samples were prepared into 3.2 L fused silica lined electropolished stainless 
steel canisters (Entech Instrument Inc.) that were cleaned by a Canister Cleaning 
System (3100 Entech Instrument Inc.) following a standard sampling procedure 
pressured with nitrogen and evacuated three times to 2.6 Pa. The two prepared 
concentrations were approximately 820 pptv (sample numbers 1848 and 1864) and 2.3 
ppbv (sample numbers 0272 and 0113) for the 27 reported halocarbons with a final 
pressure of ~1723 hPa (25 psi). After sample preparation, PKU quantified 27 
halocarbons from May 12 to 14, 2020 in these prepared standard samples using the GC-





Flasks containing the four samples were received by CMA on May 18 and 
analyzed for 12 halocarbons on May 21 using a custom-built “Medusa” gas 
chromatographic system with mass spectrometric detection (Agilent 6890/5975B, 
USA) (Zhang et al., 2017), adhering to the measurement and calibration techniques and 
procedures developed by AGAGE (Miller et al. 2008). One sample with the lower 
concentration (sample number 1864) was not quantified due to inadequate pressure in 
the canister (i.e., leakage may have occurred during transfer). All measurement data 
collected at PKU and CMA were reported to a third party, who conducted an initial 
analysis. Figure 3.1 shows the concentration ratios between CMA and PKU for each 
sample, along with the average ratio. The error bar on the average ratio for each species 
is the standard deviation about the mean of the three individual comparison ratios. The 
PKU group measured higher halocarbon concentrations than CMA for all gases except 
CCl4. Only the two higher concentration prepared samples resulted in larger values of 
CCl4 at CMA than PKU. For many compounds including the CFCs, there is noticeable 
variation of the ratio among samples, yielding a precision is generally about 2%. By 
contrast, the ratios for CHCl3 and CH3Br did not vary much between samples and result 
in a precision of 0.2 to 0.7%. The compound with the greatest imprecision is CH3CCl3, 





Previous scientific literature on CFCs is largely from groups with long-
established histories of precise and accurate measurements of CFCs based on 
independently-prepared and maintained standard scales, such as NOAA and AGAGE 
(Montzka et al., 2011). In order to enable an accurate understanding of ARIAs 
measurements in China relative to background atmospheric levels, we use the average 
CMA/PKU ratio to adjust the ARIAs observations, such that our reported abundances 
of CFCs and related compounds are on the same calibration scale used in prior AGAGE 
studies. Table 3.1 reports summary statistics of the uncorrected and corrected ARIAs 
data. We acknowledge several limitations associated with this correction. First, three 
samples constitute a small sample number for determining a correction. Since no 
repeated measurements of the same canisters were conducted, we have a limited 
understanding of the stability or precision of each canister. Second, the three canisters 
were prepared at concentrations generally larger than the ambient atmospheric 
Figure 3.1. Ratios of the CMA to PKU measured concentrations for 12 halocarbons 
analyzed during a March 2020 intercomparison experiment. Sample 1848, the red bar 
with circles, was prepared with a concentration ~820 pptv and the bars with lines were 
prepared with concentrations ~ 2ppbv. The thick grey bar denotes the average value of 
all the bars for each compound. The error bar shows the standard deviation of the three 





abundance of most compounds measured during ARIAs. Lastly, a different TO-15 
Linde cylinder was used in the 2020 intercomparison experiment than in our 2016 
airborne measurements. Both cylinders have ± 5% analytical accuracy. Although this 
analysis cannot rigorously characterize the CMA/PKU ratio, we do demonstrate below 
that PKU can accurately quantify the abundance of CFCs to better than 15% total 
uncertainty. Our scientific conclusions regarding current emissions of CFCs and related 
species are unaltered upon use of the raw measurements provided by PKU; we adjust 
to the CMA/AGAGE scale to provide a more meaningful comparison to the literature. 
 
Table 3.1. Summary statistics and average CMA/PKU correction factor for 12 halocarbons 
(pptv) quantified during ARIAs. The first number denotes the uncorrected value and the 
second number shows the corrected concentration using the average CMA/PKU ratio 
obtained from the intercomparison experiment. 































































































































We estimate the total error associated with this correction approach for each 
compound. First, we use Equation 4 to quantify the difference between the measured 
value (CMA concentration, VA) and observed concentration (PKU measured value, VO) 
for each sample: 
𝐵𝑖𝑎𝑠 = 𝑎𝑏𝑠(𝑉2 − 𝑉#)/𝑉2 ∗ 100	  (4) 
Table 3.2 reports the bias for each compound for every sample and the average used 
in the error calculation. The standard deviation (± 1s) of the three values represents 
how precise the PKU measurements are compared to CMA is also listed in Table 3.2. 
 
Table 3.2. Accuracy for each prepared sample and average accuracy and precision used to 
calculate the total uncertainty. 
 
 
Next, we identify uncertainty associated with the preparation of the 
CMA/AGAGE primary scale. Since CMA uses the AGAGE quaternary calibration 
standard, their uncertainties propagate from this scale and their own measurement 
uncertainties. The AGAGE uncertainty (Ux1) is computed using Equation 5: 







1868 0272 0113 
CFC-11 9.4 4.7 3.0 5.7 2.7 13.8 
CFC-12 8.0 5.3 5.3 6.2 1.3 13.1 
CFC-113 5.6 4.3 2.4 4.1 1.3 12.3 
CFC-114 8.0 4.3 3.6 5.3 2.0 13.1 
HCFC-22 12.2 7.0 10.5 9.9 2.2 15.6 
Chloromethane 14.3 8.1 13.2 11.9 2.7 17.3 
Dichloromethane 25.8 27.0 32.9 28.5 3.1 31.3 
Chloroform 27.5 28.3 27.5 27.8 0.4 30.0 
Carbon tetrachloride 0.9 1.2 4.1 1.5 1.4 11.8 
1,1,1-
Trichloroethane 
4.6 21.1 37.1 20.9 13.2 35.6 
Bromomethane 23.5 24.0 25.1 24.2 0.7 26.7 





𝑈3+ = 𝑠𝑞𝑟𝑡(𝑃3+& + 𝑃43+
& + 𝑄3+& )   (5) 
where Px1 is the precision of the AGAGE calibration (0.2%), P’x1 is the precision of the 
AGAGE calibration of the quaternary standard used by CMA (0.2%), and Qxi is the 
CMA measurement precision (0.5%). The total estimated uncertainty with the 
preparation of the CMA/AGAGE scale used in this analysis is 1.1% (95% confidence 
interval). 
 The uncertainty associated with the PKU scale is based upon the preparations 
originating from the 1 ppmv TO-15 standard. Before dilution, the nitrogen cleaning 
pipeline on the diluter (4600A Entech Instrument Inc.) was opened for over 30 minutes, 
followed by opening the standard gas pipeline for more than 10 minutes to stabilize the 
system. The diluter used mass flow controllers (7300 Series, Unit Instruments, Yorba 
Linda, CA) and a multi-port mixing chamber to dynamically mix source gases before 
flow was directed into the evacuated canister. The two mass flow controllers have a 
reported ± 1% accuracy and ± 0.15% repeatability. Additionally, the TO-15 standard 
from Linde reports ± 5% analytical accuracy. The measurement precision of the PKU 
GC-MSD/FID system is estimated to be within 5% (Mo et al., 2015). The PKU 
uncertainty (Ux2) is found by adding these by adding these four errors in quadrature for 
a total of 11.2% (95% confidence interval). The total uncertainty was assessed by 
adding the average accuracy, precision, and CMA (Ux1) and PKU (Ux2) uncertainties 
discussed above in quadrature.  
The total uncertainty for the 12 halocarbons is estimated to range 12-36% (95% 
confidence interval). We remove bromoform from this analysis due to the large total 





Four other compounds (chloroethane, 1,2-dichloroethane, 1,2-dichloropropane, and 
chlorobenzene) are included in this analysis but were not analyzed by CMA so the 
concentration cannot be adjusted or the uncertainty assessed.  
3.2.4 Trajectories, clustering, and potential source contribution function 
To explore the influence of air masses on CFCs levels, 24 hour ensemble 
backward trajectories arriving at the time and location of each WAS canister are 
calculated using the National Oceanic and Atmospheric Administration (NOAA) 
Hybrid Single-Particle Lagrangian Integrated Trajectory Version 4 model (HYSPLIT-
4, (http://ready.arl.noaa.gov/HYSPLIT.php) (Draxler and Hess, 2014; Stein et al., 
2015). The trajectories are initialized from the nearest hour, latitude, longitude, and 
pressure altitude for 26 of the 27 WAS canisters. We exclude one WAS canister that 
contained 2163 pptv of CFC-11 from the back trajectory analysis since such a high 
concentration necessitates close proximity to the source. Twenty-seven ensemble 
members for each WAS canister are created from 3 planes of 9 trajectories, each plane 
at +/- 0.1 sigma (about 250 m). The 9 trajectories on each plane are offset in the 
horizonal by 1 grid point (Air Resources Laboratory, n.d.). A total of 702 backward 
trajectories are computed for this study. 
Trajectories are based on hourly output 36 km meteorological fields over East 
Asia, simulated using the Weather Research and Forecasting (WRF) model version 
3.8.1. Initial and boundary conditions are derived from ECMWF ERA reanalysis data 






Many studies have used similar clustered backward trajectories to describe 
meteorological patterns associated with different trace gas and aerosol concentrations 
(e.g., Moody & Galloway, 1988). After the HYSPLIT trajectories are calculated, 
trajectories are loaded into a GIS-based software called TrajStat 
(http://meteothink.org/docs/trajstat/index.html, Y. Q. Wang et al., 2009) and assigned 
their corresponding measurements of CFCs. 
Since the main objective of using back trajectories is to determine the origins 
of air masses, we select angle distance as the cluster model (Sirois and Bottenheim, 
1995). The mean angle between two backward trajectories (d12) is defined using the 
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T)(*+                          (6) 
where 𝐴( = (𝑋+(𝑖) − 𝑋:)& + (𝑌+(𝑖) − 𝑌:)&, 𝐵( = (𝑋&(𝑖) − 𝑋:)& + (𝑌&(𝑖) − 𝑌:)&, and 
𝐶( = (𝑋&(𝑖) − 𝑋+)& + (𝑌&(𝑖) − 𝑌+)&. The variables X0 and Y0 define the position of the 
receptor site (i.e., WAS canister sampling latitude and longitude) and X1(Y1) and 
X2(Y2) refer to the two backward trajectories. A three-cluster solution is adopted by 
assessing changes in total spatial variation with different cluster numbers using 
TrajStat.  
The potential source contribution function (PSCF) can be used to identify the 
possible areas of origin of observed high concentrations of pollutants at a receptor site 
(Fedkin et al., 2018; Hui et al., 2019; Wu et al., 2018b), including CFC-11 (Lin et al., 
2019). Regions in the grid with higher PSCF values indicate the corresponding location 









                     (7) 
Here, nij is the total number of endpoints that fall in the ijth cell and mij is the number 
of endpoints for which measured values exceed a specified criterion value in the ijth 
cell. The 75th percentile of data for each CFC are selected as the criterion values, 
meaning the highest 25% of the samples are used for defining the potential source 
regions. The geographic region covered by the trajectories is divided into an array of 
0.5° x 0.5° grid cells.  
To reduce the influence of small values of nij, an arbitrary weighting function 
Wij is multiplied by the PSCF values. The weighted scheme used here is obtained by 
trial and error by repeatedly running the TrajStat program, a method widely used in the 
literature (Fedkin et al., 2018; Hopke et al., 1995; Lin et al., 2019; Polissar and Hopke, 
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Previous studies used the mean (Hui et al., 2019; Lin et al., 2019), 50th 
percentile (Li et al., 2016d; Polissar et al., 1999), 75th percentile (Gao et al., 2012; Zhao 
et al., 2015), and 90th percentile (Cheng and Lin, 2001; Fang et al., 2018) as criterion 
values from the measurement data. In this study, we tested the mean, 50th percentile, 
75th percentile, and 90th percentile of CFC-11, CFC-12, CFC-113, CFC-114, HCFC-
22, and CCl4 mixing ratios to examine the impact of criterion values on PSCF results. 
While several studies reported that the 90th percentile is best for estimating long-lived 





the 75th percentile since these concentrations were substantially above 2016 global, 
tropospheric background levels. 
3.3 Ambient Levels of Halogenated Compounds 
Sixteen halogenated compounds were identified and quantified in this study and 
summary statistics and global and Northern Hemisphere background levels are reported 
in Table 3.3 for each species. In a few cases, concentrations below the global and 
Northern Hemisphere backgrounds are observed. These near background 
concentrations indicate that some regions of Hebei are not greatly affected by local 
sources of ODSs. 
Table 3.3. Range, average, standard deviation (STD), and quartile mixing ratios (rounded to 
the nearest pptv) for 27 samples collected during ARIAs. The 2016 global atmospheric 
abundances (pptv) are from Table A-1 in the 2018 World Meteorological Organization (WMO) 
Ozone Assessment and the mean May 2016 mixing ratios from Trinidad Head, Ireland are 
reported by AGAGE. The star (*) denotes compounds that were not adjusted from the May 
2020 intercomparison experiment. 















256/312 230.2 231.55 
CFC-12 CCl2F2 412-749 552  
(93) 
475/584 515.9 515.96 
CFC-113 C2Cl3F3 60-95 79 (9) 73/85 71.7 71.72 
CFC-114 C2Cl2F4 16-543 41 (98) 19/24 15 16.32 
HCFC-22 CHF2Cl 201-992 338  
(345) 
311/432 235.3 250.24 
Carbon 
tetrachloride 
CCl4 54-140 89 
 (21) 










Bromomethane CH3Br 6-16 9 (2) 8/11 6.8 7.54 
Chloroethane* C2H5Cl 4-173 43  
(36) 
22/60 - - 
Dichloromethane CH2Cl2 64-6620 1101 
(1295) 
353/1495 34 66.49 
Chloroform CHCl3 12-253 79 
(58) 
48/97 8.9 15.58 
1,1,1-
Trichloroethane 
C2H3Cl3 1-4 2 (1) 2/3 2.6 2.87 
1,2-
Dichloroethane* 
C2H4Cl2 15-419 123 
(87) 




C3H6Cl2 9-774 112 
(140) 
52/115 - - 
Tetrachloroethyl
ene 
C2Cl4 3-32 11 
(6) 
7/14 1.5 2.58 
Chlorobenzene* C6H5Cl 1-24 8 
(5) 
4/12 - - 
 
A timeseries of ambient CFC-11, CFC-12, HCFC-22, CCl4, CFC-113, and 
CFC-114 levels with respect to the 2018 WMO global background concentrations are 
shown in Figure 3.2. Concentrations with respect to Northern Hemisphere levels 
measured at Trinidad Head, Ireland change little since these compounds are long-lived. 
The median enhancement of various ODSs with respect to the global background is 
22% (<1-840% range), 6% (<1-45% range), 47% (<1-322% range), 9% (<1-74% 
range), 10% (<1-33% range), and 47% (9-3520% range) for CFC-11, CFC-12, HCFC-
22, CCl4, CFC-113, and CFC-114, respectively. Most of the halocarbons discussed here 
are present in amounts higher than reported by the WMO Ozone Assessment in 2016. 





(281 ± 44 pptv) is approximately ~51 pptv higher than global background levels. 
Considering all samples, mean CFC-12 (552 ± 93 pptv) is ~36 pptv higher than 
background concentrations, mean CFC-113 (79 ± 9 pptv) is ~7 ppbv above background, 
and mean CFC-114 (41 ± 98 pptv) is ~26 pptv above background. 
Compared to baseline AGAGE observations which restrict air sampling to 
times when airmasses approach from the clean air sector, mixing ratios of CFCs during 
ARIAs are expected to be higher since measurements are taken closer to sources. The 
concentration variability (assuming it is larger than can be explained by measurement 
issues of precision and accuracy) of CFCs serves as an indicator of relative emission 
strength (Wang et al., 1998) and together with the enhancement of ODSs above 
Figure 3.2. Timeseries of the ratios of observed ambient to background tropospheric 
abundances of CFC-11 (red circles) and CFC-12 (blue triangles) (top panel), HCFC-22 
(green squares) and CCl4 (brown stars) (middle panel), and CFC-113 (purple x’s) and 
CFC-114 (orange diamonds) (bottom panel) collected in WAS canisters during the ARIAs 
campaign. The thick black line in each panel indicates where the ambient/background ratio 
is equal to 1 using the 2016 global atmospheric abundance from the 2018 WMO Ozone 





background concentrations suggests emissions of these compounds, either from 
production (illegally, accidental by-product, or non-emissive from allowed purposes) 
or leakage from banks. 
The samples with the lowest concentrations of CFCs were obtained near 
Quzhou. A sample collected on May 15 at 5:40 UTC at 3518 m pressure altitude 
recorded the lowest amounts of CFC-11, CFC-114, HCFC-22, and CCl4 (200, 16, 201, 
and 54 pptv, respectively). Values of CFC-12 and CFC-113 were also low (420 and 66 
pptv, respectively) in this sample, but not the minimum values observed. Back 
trajectories from HYSPLIT indicate the air mass originated from the eastern portion of 
Mongolia, bringing cleaner, cooler and drier air to Hebei (Figure 3.3). 
Figure 3.3. 24-hour backward ensemble HYSPLIT trajectories for the 
WAS canister collected on May 15 at 5:40 UTC which recorded the lowest 
mixing ratios of CFC-11, CFC-114, HCFC-22, and CCl4 (210, 16, 221, 
and 53 pptv, respectively). The bottom plot depicts vertical motions and 





The other sample with the lowest amounts of CFC-12 and CFC-113 (412 and 
60 pptv, respectively) was obtained on May 21 at 4:59 at 436 m pressure altitude. This 
sample had the highest amounts of CFC-114 and HCFC-22 (543 and 992 pptv, 
respectively) and elevated CFC-11 (318 pptv). The backward HYSPLIT trajectories 
show anticyclonic flow bringing a warm, moist airmass from the Yellow Sea over 
southern Shandong and northern Jiangsu provinces (Figure 3.4) on May 21. The impact 
of airmass source regions on concentrations of CFCs will be further explored in Section 
3.6.  
A few WAS canisters during stagnant meteorological conditions contained 
unusually large concentrations of ODSs. On May 21 at a pressure altitude of 1490 m 
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Figure 3.4. 24-hour backward ensemble HYSPLIT trajectories for the 
WAS canister collected on May 21 at 4:59 UTC which recorded the lowest 
mixing ratios of CFC-12 and CFC-113 (438 and 62 pptv, respectively), but 
highest amounts of CFC-114 and HCFC-22 (571 and 1091 pptv, 





over Xingtai (37.175°N, 114.394°E), one WAS canister contained 2163 pptv CFC-11. 
It is plausible this sample collected CFC-11 released nearby from local foam blowing 
applications or from other industrial operations. Likewise, the maximum value of CFC-
114 (528 pptv above background levels) and HCFC-22 (757 pptv above background 
mixing ratios) measured on May 21 suggests sampling of local operations in Quzhou 
that did not release CFC-12 and CFC-113. Global mole fractions of low abundance 
CFCs (<20 pptv) such as CFC-114 declined more slowly between 2012 and 2016 with 
a substantial fraction originating from China (Vollmer et al., 2018). Previous evidence 
suggests a small fraction of CFC-114 is due to its presence as an impurity in some 
HFCs, but the process responsible for this is unknown (World Meteorological 
Organization, 2018). The large range of mixing ratios of HCFC-22 above background 
levels is not surprising since this refrigerant is a replacement for CFC-12 and is being 
phased out. Mixing ratios of HCFC-22 have been increasing in many regions in China 
(Wu et al., 2018a; Yao et al., 2012), reflecting continued growth in production and 
consumption. The mean mixing ratio of HCFC-22 in this study is about 168 pptv higher 
than that measured in China in 2001 (Barletta et al., 2006), some of which is due to 
increases in the background atmosphere.  
3.4 Comparison of CFC-11, CFC-12, and CFC-113 Mixing Ratios with other Studies 
in China 
Mean mixing ratios of CFC-11, CFC-12, and CFC-113 measured during ARIAs 
are compared to past surface and airborne studies in China as well as the WMO global 
background in Figure 3.5. Before the global phase-out of CFCs in 2010, large variations 





production of CFCs in China ceased ahead of schedule in mid-2007 (Wan et al., 2009) 
and studies across China observed decreasing mixing ratios of CFC-11 and CFC-12 
during this time. The largest change in concentrations of CFCs occurred in the Pearl 
Figure 3.5. Timeseries of average mixing ratios from peer-reviewed journal articles of CFC-11 
(a), CFC-12 (b), and CFC-113 (c) since 2000. Studies conducted over several years are shown by 
lines. The shape indicates if the sample was urban (circle), background/remote (x), or influenced 
by polluted meteorological conditions (stars). The color denotes the location of the study. Filled 
shapes denote surface observations while open shapes represent airborne studies. The black line 
shows the WMO 2018 global background. In 2016, the thick red open circle shows mean mixing 
ratios of all ARIAs WAS canisters. The thick green open circle shows observations during 





River Delta (PRD). The PRD was a significant producer and consumer of CFCs before 
the global phaseout (Zhang et al., 2014c) and a common study region compared to other 
more rural areas of China. 
After 2015, abundant concentrations of CFC-11, CFC-12, and CFC-113 above 
the global background were first detected throughout the North China Plain and 
published in peer-reviewed journals, but were not tied to new production or use. Even 
in rural, mountain-top locations in southern China, high levels of CFC-11 were 
observed in October 2017 (Lin et al., 2019), largely due to contributions from less 
developed regions in southwestern and central China. The highest CFC-11 and CFC-
113 mixing ratios were measured in Chengdu in western China in Fall 2016, with an 
average mixing ratio of 1060 pptv and 80 pptv, respectively, during days when hourly 
O3 was > 90 ppbv (Deng et al., 2019). However, northeast and northwest winds were 
dominant during the time of this study and the authors note their measurements were 
partly affected by the petrochemical refinery located north of the sampling site.  
The Deng et al. (2019) study and another by the same research group in fall 
2015 in northwestern Beijing (Li et al., 2016a) observed amounts of CFC-12 
substantially below global, tropospheric background levels (300 and 120 pptv). These 
low mixing ratios are reported in tables within these papers, but the analytical methods 
or remarks about these anomalous concentrations are not discussed. Therefore, we 
believe these CFC-12 observations may have large uncertainty or error, but still include 
these measurements since values of CFC-11 and CFC-113 are more reasonable and 





The 2016 KORUS-AQ study, concurrent with ARIAs, provides the opportunity 
to compare aloft CFCs mixing ratios around the same time period over large urban 
regions. Six flights along the West Sea jetway at low altitude (<500 m) measured 
outflow from China (Simpson et al., 2020). During these flights, mean CFC-11, CFC-
12, and CFC-113 were above global, tropospheric background levels. However, CFC-
11 was found to be more elevated in air over Seoul during stagnant meteorological 
conditions than in air from China. In contrast, concentrations of other long-lived 
halocarbons (CFC-113, CFC-114, and CCl4) were higher in air arriving from China. 
Reported measured levels of ODSs regulated by the Montreal Protocol are 
dependent upon the calibration scale and the year in which the samples were collected, 
as well as seasonal cycles, latitudinal gradients, and long-term trends in the ambient 
atmosphere. 
3.5 Interspecies Correlations during ARIAs 
To understand the source characteristics of halocarbons measured during 
ARIAs, an interspecies correlation matrix of the 16 halocarbons (N=27) is presented in 
Figure 3.6. Due to the limited number of WAS canisters collected during ARIAs, the 
distribution of some compounds is neither obviously normal nor lognormal. One outlier 
for CFC-11, CFC-114, CH2Cl2, and C3H6Cl2 and two outliers for HCFC-22 were 
removed and displayed in Figure 3.7 because these points represent extreme 
concentrations of ODSs. The presence of outliers is indicative of ongoing emission of 
ODSs in the immediate area of measurements during ARIAs. By removing these 
outliers, we present results on underlying ODSs relationships not associated with 





with other chemicals emitted from anthropogenic activity such as CH2Cl2 and HCFC-
22 is shown in Figure 3.8 and provides further evidence for continued emissions of 
many ODSs and CFCs. In the following section, we use correlations of halocarbons 




Figure 3.6. Interspecies correlation matrix (r2) for the 16 halocarbons quantified in 
all 27 WAS canisters during ARIAs. The strength of the correlation is shown by the 
color of the box with the value printed inside. Correlations with r2>0.52 are denoted 









Figure 3.7. Interspecies correlation matrix (r
2
) for the 16 halocarbons (N=25-27) quantified 
during ARIAs. The strength of the correlation is shown by the color of the box with the value 
printed inside. Correlations with r
2
>0.52 are denoted in white text. Outliers for CFC-11, CFC-





If we assume the number of whole air canisters represents the total number of 
discrete sampled airmasses (degrees of freedom), we estimate a significant correlation 
(r2) with 99% confidence to vary between 0.24-0.26 (with variations due to the removal 
of outliers of CFC-11, CFC-114, CH2Cl2, C2H4Cl2, and HCFC-22). However, a more 
rigorous assessment may designate the degrees of freedom is better represented as the 
number of flights (N=11). In this case, a correlation (r2) with 99% confidence is 0.54. 
In the following section, we denote correlations around the more relaxed threshold of 
Figure 3.8. Correlations among halocarbons during ARIAs colored by sampling pressure 
altitude (m). The linear regression slope and Pearson correlation coefficient (r2) are based 
upon the number of samples (N) denoted in each subplot. Outliers of halocarbons were 





0.24-0.26 (depending on the species) as weak, whereas anything above the more 
rigorous limit of 0.54 is strong.  
Moderate correlations of CH2Cl2 with C2Cl4 (r2=0.43) and CHCl3 (r2=0.47) 
suggest these halocarbons were emitted from similar sources such as industrial solvent 
use or experienced a similar loss behavior due to their similar lifetimes. In contrast to 
a surface study in the PRD from August 2001-December 2002 that found a moderate 
correlation of CH2Cl2 with CCl4 (r2=0.45) attributed to solvent use (Guo et al., 2009), 
the weak positive correlation between CH2Cl2 with CCl4 (r2=0.27) suggests that 
enhanced concentrations measured for CCl4 were not of solvent origin for ARIAs 
samples.  
Chloromethane plants typically produce higher chlorinated methanes, like 
CHCl3, which is manufactured for use as a feedstock gas for HCFC-22. We find 
moderate correlations of CHCl3 with CH3Cl (r2=0.43) and HCFC-22 (r2=0.51), 
suggesting production of HCFC-22 through this pathway. HCFC-22, an urban tracer, 
also correlates with a number of other markers for vehicle exhaust, such as toluene 
(r2=0.63), m/p-xylene (r2=0.63), octane (r2=0.80) and isopentane (r2=0.63), indicating 
colocation of petrochemical and vehicular emissions or leakage of HCFC-22 from 
vehicular air conditioning systems. The strong correlation between HCFC-22 and CFC-
11 (r2=0.68) did not have a strong spatial or altitudinal dependence, suggesting 
widespread release of these compounds across eastern China. 
In our study, the weak positive correlation between CH3Cl and HCFC-22 
(r2=0.30) suggests different anthropogenic sources. Guo et al. (2009) estimated 40% of 





biomass/biofuel burning. We find weak correlations of CH3Cl with biomass burning 
markers like CH3Br (r2=0.30) and stronger correlations with CH2Cl2 (r2=0.43), 
suggesting a minor contribution of biomass burning and a larger proportion of solvent 
sources to enhanced mixing ratios of CH3Cl observed during ARIAs.  
As discussed earlier, one sample containing 2163 pptv of CFC-11 is likely due 
to industrial applications such as SPF in the immediate vicinity and no correlation 
appears with other halocarbons, such as CFC-12 and CFC-113. When this maximum 
value is excluded, a strong, positive correlation between CFC-11 and CFC-12 appears 
(r2=0.64) (Figure 3.9). In this case, the median CFC-11/CFC-12 ratio is 0.49. 
Moreover, CCl4, often used as a feedstock for CFC production, correlates moderately 
with CFCs (r2~0.30-0.50), except CFC-11. The high correlation between CCl4 and 
Figure 3.9. Scatter plot of mixing ratios of CFC-11 (pptv) and CFC-12 (pptv) colored 
by the CCl4 mixing ratio (pptv) excluding the 2163 pptv CFC-11 sample. The horizontal 
and vertical lines on the plot show the 2016 global abundance values of CFC-11 and 
CFC-12 from the 2018 WMO Ozone Assessment. The x shows the median values of 





CFC-11 (r2=0.78) suggests widespread release due to the production, rather than 
consumption of refrigerants throughout ARIAs (Figure 3.10). A few lower values of 
CFC-12 reduce the correlation with CCl4 (r2=0.39, Figure 3.10).  
 
We find no statistically significant correlations of CCl4 with CH3Cl and C2Cl4, 
two historical methods for producing CCl4. Tetrachloroethylene is associated with dry 
cleaning, textile operations, and metal degreasing activities, as well as used as a 
feedstock to produce CFC-113 and CFC-114. We find strong correlations between 
C2H4Cl2 and C2Cl4 (r2=0.68), one widely used method for C2Cl4 production, as well as 
between C3H6Cl2 (r2=0.91), an intermediate in the production process. No correlation 
between C2Cl4 is found with CFC-113 or CFC-114. We explore how relationships 
between ODSs and feedstocks change when considering WAS samples with similar air 
mass origins in section 3.6.  
Figure 3.10. Scatter plot of CCl4 and CFC-11 excluding the 2163 pptv sample and CCl4 and 
CFC-12 (all samples). Units are pptv. The horizontal and vertical black lines denote the 





The very strong correlations between CFC-12, CFC-113, and CFC-114 
(r2>0.92) are indicative of similar sources or use patterns. These three ODSs correlate 
more strongly with a different feedstock, C2H3Cl3 (r2~0.60-0.80), often used to 
manufacture HCFC-141b and HCFC-142b, than CCl4 (r2~0.30-0.50). In the greater 
PRD region, where significant enhancements of most halocarbons were found in 2000 
(Chan and Chu, 2007), correlations between CFC-12 and CFC-113 were lower, around 
0.59 in the early 2000s (Guo et al., 2009) and 0.3-0.70 in 2007 (Zhang et al., 2010b). 
Similarly, lower correlations between CFCs and C2H3Cl3 (r2 ~0.10-0.50) were observed 
in Gosan, South Korea from November 2007-December 2008 when flow was from 
mainland China (Li et al., 2011). The very high correlations of CFC-12, CFC-113, 
CFC-114, and C2H3Cl3 found in our aloft observations combined with large variations 
in mixing ratios may be suggestive of alternative CFC production pathways or 
colocation of emission sources. 
3.6 Potential Emission Source Regions 
To gain insight into the different source regions of ODSs emissions during 
ARIAs, we first examine interspecies correlations for three typical meteorological 
clusters during the sampling period (Figure 3.11). The first cluster originated from the 
northwest near Inner Mongolia (IM), an autonomous region of northern China (Cluster 
IM, 41% of trajectories, N=289) and passed through parts of Shanxi and Hebei. The 
second cluster originated in southwest Shanxi (SAX) (Cluster SAX, 20% of 
trajectories, N=139) and traveled to the northeast before arriving in the ARIAs flight 
domain. The third cluster emerged from southern Shandong (SD) and passed northwest 





Cluster IM shows the largest mean mixing ratios of CFC-11 (295 ± 49 pptv), 
CFC-12 (604 ± 94 pptv), CFC-113 (84 ± 9 pptv), and CCl4 (94 ± 22 pptv). Previous 
reports have suggested unlicensed factories based in Inner Mongolia have provided 
chemical facilities in eastern China with CFC-11 (Environmental Investigation 
Agency, 2018). Our observations of elevated mixing ratios of CFC-11, CFC-12, and 
the feedstock CCl4 for the IM cluster along with very strong correlations of these CFCs 
Figure 3.11. Maps showing meteorological clusters (colored lines) and the potential source 
contribution function (PSCF, colored grid cells) for CFC-11 (a) and CFC-12 (b), CFC-113 
(c), and CFC-114 during the ARIAs campaign in Spring 2016. Below each map is the mean 
and standard deviation mixing ratio (pptv) for each cluster and correlation with feedstock 
CCl4 or C2Cl4 in the same color as shown on the map. Three meteorological setups dominated 
during ARIAs: Flow from Inner Mongolia, shown by a grey line on map and grey cross on 
the bottom mixing ratio plots (N=289), flow from Shanxi Province denoted by the golden line 
on the map and golden circles on the mixing ratio plots (N=139), and flow from Shandong 
Province indicated by the purple line on the map and purple squares on the mixing ratio plots 
(N=274). The black box shows the same latitude and longitude boundaries as the cyan box in 
Figure 1 and the star denotes the location of Beijing. The color scale indicates the PSCF 
values. Regions with high PSCF values have large potential source contributions to the 
receptor site. The 75
th
 percentiles (306, 591, 85, and 25 pptv for CFC-11, CFC-12, CFC-113, 
and CFC-114 respectively) were used as the criteria values for computing PSCF. An outlier 
of CFC-114 associated with flow from Shandong is responsible for the large standard 
deviation. Map data created in MeteoInfo 1.4.7. These results provide no evidence of new 
manufacturing of CFC-113, but demonstrate new CFC-114 production in Shandong, of CFC-
12 in Shandong and Inner Mongolia, and of CFC-11 throughout eastern China including 





with CCl4 (r2 = 0.92 and 0.86 for CFC-11 and CFC-12, respectively) suggests 
production of these ODS through CCl4 fluorination in Inner Mongolia. No correlation 
of C2Cl4 and CFC-113 or CFC-114 suggests release of CFC-113 and CFC-114 from 
banks from IM. The strong correlation of CFC-113 and CFC-114 with CCl4 (r2=0.77 
and r2=0.76) from Inner Mongolia suggests colocation of CFC-11 and CFC-12 
production with release of CFC-113 and CFC-114.  
Cluster SAX describes parcels coming from the southwest from Shanxi and is 
associated with the lowest mean mixing ratios of the ODSs studied (254 ± 18 pptv for 
CFC-11, 505 ± 49 pptv for CFC-12, 77 ± 9 pptv for CCl4, and 20 ± 2 pptv for CFC-
114). Moderate correlations of CFC-11 and CFC-12 with CCl4 (r2=0.70 and 0.58 
respectively) suggest release from new production. Similar to Cluster IM, no 
correlation of either CFC-113 or CFC-114 is found with C2Cl4, but strong correlations 
with CCl4 (R2=0.63 and R2=0.61) suggest colocation of CFCs sources. Additionally, 
we find a stronger correlation between CFC-11 and HCFC-22 from Cluster IM 
(r2=0.85, N=289) and Cluster SAX (r2=0.77, N=139) than considering all data. These 
strong correlations may be indicative of additional colocation of CFCs sources. 
Cluster SD exhibits the largest mean mixing ratios of CFC-114 (73 ± 157 pptv), 
driven in part due to one sample containing 543 pptv CFC-114. Strong correlations 
between CFC-11 with CCl4 (r2=0.60) suggest release from new production. Weak 
correlations of CFC-12 with CCl4 (r2=0.09) and CFC-11 (r2=0.30) suggest no new 
production of CFC-12 for airmasses in this cluster. The moderate correlation of CFC-
114 with C2Cl4 (r2=0.67) and no correlation with CCl4 suggests new production of 





113 with C2Cl4 and CCl4, but strong correlations with CFC-12 (r2=0.92) and C2H3Cl3 
(r2=0.86), suggests colocation of emission sources or an alternative CFC production 
pathway. Mean mixing ratios of CFC-113 from Cluster SD and Cluster SAX are 
approximately the same (~77 pptv), but this analysis identifies different sources based 
on origin of the airmass. 
Next, we apply another trajectory-based approach called PSCF for further 
source region identification associated with high concentrations of CFCs. The 
dominant source regions of CFC-11 (Figure 3.11) include Hebei, Shandong to the 
southeast, and Inner Mongolia to the northwest. While the clustering technique 
indicates that air parcels coming from Shanxi influenced the ARIAs campaign, there 
are no high PSCF values from that location because the WAS canisters associated with 
those trajectories contained concentrations of CFC-11 lower than the criterion value. 
Therefore, air parcels with the highest CFC-11 mixing ratios observed during ARIAs 
came from less developed regions near Inner Mongolia in addition to Hebei and 
Shandong.  
The results of this work expand upon earlier studies locating the origin of CFC-
11 emissions. Rigby et al. (2019) used chemical transport model simulations joined 
with CFC-11 observations in Gosan, South Korea and Hateruma, Japan to identify 
Shandong and Hebei Provinces as partly responsible for the global rise in CFC-11 
emissions. Lin et al. (2019) observed high levels of CFC-11 in Nanjing, China in 
October 2017 were from less developed regions in southwestern and central China, 





study extend the potential sources regions of CFC-11 in China to include Inner 
Mongolia, a region these studies were not sensitive to.  
The PSCF spatial distribution of CFC-12 and CFC-113 (Figure 3.12) and CFC-
114 (Figure 3.13) is similar to CFC-11, but shows high PSCF values along northern 
Shanxi Province and less of a contribution from Shandong. Several other ODS show a 
PSCF spatial distribution similar to CFC-11, such as HCFC-22 and CCl4 (Figure 3.13). 
Figure 3.12. Maps showing the effect of different criterion values (mean, median, and 90th 
percentiles) on the PSCF for CFC-11 (top row), CFC-12 (middle row), and CFC-113 (bottom 
row). The black box in each panel denotes the ARIAs study location and the star shows the 









In this study, we evaluate mixing ratios of 16 halocarbons collected in 27 whole 
air samples onboard a research aircraft over Hebei Province, China in May and June 
2016. The frequently-measured elevated mixing ratios of CFCs and feedstock 
Figure 3.13. Maps showing the effect of different criterion values (mean, median, 75th, and 90th 
percentiles) on the potential source contribution function (PSCF) for CFC-114 (top row), 
HCFC-22 (middle row), and CCl4 (bottom row). The black box in each panel denotes the 





compounds CCl4 and C2Cl4 indicate continued release of these compounds throughout 
the study region. We find large enhancements for median values of HCFC-22 (47%), 
CFC-114 (47%), CFC-11 (22%), CFC-113 (10%), and CFC-12 (6%) above 2016 
global, tropospheric background levels. We use correlations of CFCs and feedstock 
compounds to understand potential locations for new production. When correlations of 
CFCs and feedstocks CCl4 and C2Cl4 are broken up into three typical meteorological 
conditions, we find evidence for CFC-11 production across eastern China, while new 
production of CFC-12 only from Inner Mongolia and Shanxi Province. We identify no 
evidence of manufacture of new CFC-113 during our study, but results indicate new 
CFC-114 production in Shandong.  
The results of this work extend two recent studies evaluating emissions of 
CFCs.  Rigby et al. (2019) identified Shandong and Hebei as the origin of elevated 
CFC-11 to Gosan, South Korea and Hateruma, Japan, but trajectories did not cover 
regions north and west of Hebei. They did not conclude that emissions were tied to new 
production and found no indication of increased CFC-12 emissions. Our flights directly 
over the source region suggest new manufacture of CFC-11 and we show the spatial 
distribution of CFCs emissions to include Inner Mongolia. Lickley et al. (2020) 
concluded banks account for most of the current estimated CFC-11 (excluding the 
increased emissions after 2012) and CFC-12 emissions, but raised concerns about CFC-
113 sources. In contrast, we find emissions of CFC-12 as a result of new production in 
Inner Mongolia and Shanxi, as well as the likely release of CFC-113 from banks. 
The discovery of substantial release and probable new production of CFC-11, 





implications for the Montreal Protocol and the subsequent recovery of the ozone layer 
(Dhomse et al., 2019). More detailed research, including measurements of other species 
(such as HCFC-141b and HCFC-142b), are required to confirm exact locations of CFCs 
emissions worldwide, including areas that did not influence our study, such as Beijing. 
Additional airborne measurements over urban regions may help clarify sources of 
CFCs and pinpoint exact locations of high emissions requiring control. Renewed efforts 
to control and remove emission sources of CFCs, including banks, around the world 


















Chapter 4 The Effect of Meteorology on Springtime Air Quality 
and Transport in the North China Plain 
4.1 Introduction 
Severe air pollution is a major public health concern in heavily populated and 
industrialized cities in China. Despite national regulations to improve air quality, air 
pollution levels throughout the NCP still persist above WMO and CAAQS regularly 
during favorable meteorology (Karplus et al., 2018; Shao et al., 2009). The highest 
amounts of surface O3 typically occur under stagnant meteorological conditions that 
trap local precursor emissions and suppress the influence of distant emission sources 
(Fiore et al., 2002). The substantial amounts of pollution in China visible by satellite 
measurements (Li et al., 2017a; Richter et al., 2005) can be transported with the 
prevailing westerlies over East Asia and affect air quality in downwind regions.  
The rapid vertical transport of pollutants from the PBL into the FT allows for 
dispersal that increases atmospheric lifetimes and range of influence (Cooper et al., 
2006; Dickerson et al., 2007). Some pollutants in the PBL, such as NO2 and SO2, as 
well as the aerosols they can form, are removed by dry deposition and thus are short-
lived. If lofted into the FT, SO2 can more rapidly convert to sulfate aerosols, impacting 
atmospheric radiative balance and cloud properties (Dickerson et al., 2007). While the 
formation of O3 is most efficient over metropolitan regions where primary precursors 
are released (Chen et al., 2013), photochemical production can continue as the plume 
travels downwind until NOx concentrations fall to ~10-30 pptv (Crawford et al., 1997).  
Air pollution transport from Asia typically peaks in early to mid-spring (Liu et 





kilometers (Chung, 1985). Utilizing Spring 2001 airborne measurements, Kondo et al. 
(2004) reports net O3 production occurs in the marine PBL over the western Pacific 
due to relatively high NO levels combined with strong westerly advection. The 
influence of Asian continental outflow has been estimated to raise daytime surface O3 
concentrations by ~10 ppbv at Fukue Island, Japan in Spring 2009 (Kanaya et al., 2016) 
and degrade air quality as far as the West Coast of North America (Bertschi and Jaffe, 
2005; Jaffe et al., 2003; Jaffe and Zhang, 2017; Price et al., 2004). Ground-based March 
2005 measurements of DO3/DCO ratios from eight surface stations in Northeast Asia 
increased with age of the polluted airmasses during eastward transport events due to en 
route photochemical production of O3 (Tanimoto et al., 2008). These studies have 
concluded emissions from East Asia are an important source region of O3 precursors 
from numerous downwind regions in spring.  
The dominant pathway promoting the outflow of Asian pollution in early spring 
is due to lifting of a warm and moist airmass ahead of a cold front (Jacob et al., 2003), 
termed the warm conveyor belt (WCB) (Cooper et al., 2004; Hess, 2005). The rising 
tropospheric air in the WCB may subsequently mix with stratospheric air (Pan et al., 
2010). Frontal boundaries and dry convection may also facilitate lifting pollution from 
the PBL into the FT (Bey et al., 2001; Liu et al., 2003; Oshima et al., 2004). Most 
polluted airmasses are trapped in the PBL over Asia before expulsion behind cold fronts 
in spring and transported to the NE Pacific (Liang et al., 2004). The processes allowing 
for pollution displacement can have a significant impact on the vertical structure of 






Two field measurement campaigns in East Asia in Spring 2016 were performed 
to better understand how synoptic conditions affect the vertical distribution and 
transport of trace gases and aerosols. The U.S. National Science Foundation-sponsored 
ARIAs joint experiment in partnership with Peking University, Beijing Normal 
University, and the Hebei provincial weather service collected airborne measurements 
over Hebei Province in the NCP. Concurrently, the U.S. NASA in cooperation with the 
Korean National Institute of Environmental Research (NIER) conducted an intensive 
measurement campaign involving multiple aircraft, ground sites, and ships over the 
Korean Peninsula and surrounding waters. Significant long range transport of pollution 
and dust during these field experiments was constrained to a few short events, implying 
the majority of pollutants sampled during KORUS-AQ originated from local sources 
(Peterson et al., 2019).  
Previous research has focused on characterizing the composition and sources of 
air pollutants over the NCP (Li et al., 2015a; Quan et al., 2011; Zhao et al., 2013).  
However, the ARIAs campaign provides the unique opportunity to examine the 
mesoscale meteorology present over East Asia previously described by Peterson et al. 
(2019) and the resulting chemical composition observed over the source region. This 
chapter provides a brief overview of each pollution regime by employing ARIAs 
airborne and surface measurements in China. The period of persistent high pressure 
(May 17-22) is chosen as a case study and discussed in more detail since surface and 
aloft measurements indicate this period coincided with the highest amount of O3 
pollution. Backward trajectories are combined with the Community Multiscale Air 





to surface air quality. Additional perspective of NO2 from OMI furnishes a discussion 
of locations that may have contributed to poor air quality during this multi-day 
exceedance event.  
4.2 Methods 
4.2.1 Airborne and Surface Measurements 
From May 8-June 11, 2016, 11 research flights were conducted over the 
southern part of Hebei Province (Figure 4.1). The Y-12 research aircraft payload 
included a suite of meteorological, trace gas, and aerosol optical property 
instrumentation, previously described in Chapters 1 and 2. The Y-12 aircraft sampled 
~300 to ~3500 m pressure altitude over a highly urban region at four spiral locations 
(Shijiazhuang, Xingtai, Julu, and Quzhou) and also between these megacities in rural 
Hebei. 
Figure 4.1. Map of ARIAs Y-12 flight tracks (black lines) in southern Hebei 
Province during May-June 2016. The colored markers denote the locations 
of five surface sites from the CMEE network that will be discussed in more 
detail in this chapter. Triangles denote suburban sites, diamonds indicate 





Hourly, ground-based monitoring data for O3, NO2, SO2, PM2.5, and CO for 
May-June 2016 were downloaded from https://quotsoft.net/air/, which archived the 
data from the China Ministry of Ecology and Environment (CMEE) monitoring 
network. The automated CMEE network included ~1450 monitoring sites in 2016. This 
study focuses on five CMEE sites located near two of the most sampled spiral locations 
during ARIAs, which are considered to be representative of regional source signatures 
(Figure 4.1). The sites are categorized by urban, suburban, and rural locations by 
investigating the surroundings on Google Earth. Three sites in the capitol and main 
economic center of Hebei in Shijiazhuang (SJZ) are used: an urban spot in the main 
city center, a suburban station north of city center but south of the Hutuo River, and a 
rural location in Fenglong Mountain, a historical and cultural area, south of the main 
city. The remaining two sites are located 125 km south of Shijiazhuang in urban and 
suburban Xingtai (XT), a megacity nestled in the Taihang Mountains with a population 
over 7 million.  
Different measurement techniques and analyzers from various commercial 
companies are used throughout the CMEE network, so a brief summary is provided 
here. In most cases, SO2 was measured by ultraviolet fluorescence (TEI, Model 43i 
from Thermo Fisher Scientific Inc., USA or EC9850 from Ecotech Pty Ltd., Australia) 
and O3 measurements were obtained using UV-spectrophotometry (TEI model 49i 
from Thermo Fisher Scientific Inc., USA, or EC9810 from Ecotech Pty Ltd., Australia) 
(Zhao et al., 2016). Measurements of NO2 were achieved by chemiluminescence (TEI 
Model 42i from Thermo Fisher Scientific Inc., USA, or EC9841 from Ecotech Pty Ltd., 





et al., 2020) and other NOy compounds. Due to these interferences, chemiluminescence 
methods actually obtain measurements closer to NOy than NOx (Dickerson et al., 2019). 
Carbon monoxide was measured with non-dispersive infrared absorption and the gas 
filter correlation infrared absorption methods (API Model 300 from Teledyne 
Advanced Pollution Instrumentation, USA, or TEI, Model 48i from Thermo Fisher 
Scientific Inc., USA, or EC9830 from Ecotech Pty Ltd., Australia), while the micro 
oscillating balance method (TEOM from Rupprecht & Patashnick Co., Inc., USA) and 
the β absorption method (BAM 1020 from Met One Instrument Inc., USA or Tianhong 
Co., China or Xianhe Co., China) were used to measure PM2.5 and PM10. The data 
released by CMEE can be used to evaluate the spatial and temporal evolution of air 
pollution, but are only considered reference values for health advice and cannot be 
directly used for compliance evaluation of air quality rankings (Zhao et al., 2016).  
4.2.2 Community Multiscale Air Quality Model Set-up 
The CMAQ model configurations used in this study were coordinated by Dr. 
Hao He and will be described in more detail by (He et al., in prep). The Community 
Multiscale Air Quality (CMAQ) model version 5.2 (Environmental Protection Agency, 
2017) with the Carbon Bond 6 (CB6r3) gaseous chemistry scheme and the Aero 6 
aerosol scheme (Appel et al., 2013) is used to simulate air quality during the ARIAs 
campaign. The CB6r3 chemical mechanism (Yarwood et al., 2010) includes improved 
chemistry for organic and peroxyacyl nitrates (PAN) to better simulate SOA and 
tropospheric O3 in the United States. Meteorology is simulated using the WRF model 
version 3.8.1 driven by the European Center for Medium-Range Weather Forecasts 





(Dee et al., 2011). Two nested domains (Figure 4.2) with 35 vertical layers from the 
surface to 50 hPa (~20 layers in the lowest 2 km) are applied in the simulation, where 
the inner region (d02 in Figure 4.2) covers Hebei Province and several surrounding 
provinces with a grid resolution of 12 km. The outer region includes Eastern Asia at a 
resolution of 36 km. May and June are chosen as the simulation period, with the two 
weeks in April as spin-up. The default concentration profiles built into CMAQ are used 
as chemical initial and boundary conditions for the coarse domain and results for the 
nested domain were derived from the larger domain.  
Anthropogenic emissions from the Emissions Database for Global Atmospheric 
Research Version 4.2 (EDGAR v4.2, 0.1°´0.1° resolution) are used for the year 2010, 
an approach widely used by the chemical transport modeling community (European 
Commission: Joint Research Centre (JRC), 2011). The EDGAR v4.2 inventory 
includes emissions from energy, industry, residential, and transport sectors. Following 





the approach from He et al. (2012), stack height specification for power plants in the 
energy sector were placed at 200 m above the surface as an approximation for average 
stack height and plume rise. The EPA Sparse Matrix Operator Kernel Emissions 
(SMOKE) modeling system Version 4.5 (The Institute for the Environment-The 
University of North Carolina at Chapel Hill, 2017) is used to project EDGAR emissions 
to the modeling domain. The United States Geological Survey (USGS) 24 category 
land use dataset merged with the inline Biogenic Emission Inventory System (BEIS) 
version 3 (Environmental Protection Agency, 2017) emission factors table generate the 
input files necessary for CMAQ inline biogenic emission modeling. The baseline 
model performance driven by the 2010 EDGAR emissions is compared to aircraft 
measurements in Table 4.1 and is discussed in more detail below. By comparing to 
aircraft data, this baseline run captures the basic spatial and temporal variations of O3 
and its precursors, but significantly underestimates their concentrations. 
Table 4.1. Statistics of the baseline and adjusted CMAQ performance compared with ARIAs 
aircraft measurements over the NCP. Courtesy of Dr. Hao He. 
 Run Mean 
Diff 
(ppbv) 
Slope  STD 
(ppbv) 








O3 Baseline -21.35 0.56 13.25 0.37 -25.14 25.86 25.10 0.75 
Adjusted -15.18 0.81 14.83 0.33 -17.87 20.33 21.18 0.82 
CO Baseline -183.56 0.21 165.92 0.23 -60.26 60.26 246.98 0.40 
Adjusted -10.445 0.52 175.48 0.21 -34.29 45.03 203.6 0.66 
NO2 Baseline -1.72 0.31 3.09 0.58 -593.9
1 





Adjusted -1.47 0.38 3.01 0.59 -51.23 61.62 3.33 0.49 
NO Baseline -0.25 0.99 0.47 0.68 -32.23 45.4 0.53 0.68 
Adjusted -0.16 1.13 0.52 0.67 -20.31 45.46 0.54 0.80 
 
 
To achieve better model performance, EDGAR emissions over East Asia are 
adjusted based on ratios of OMI and MOPITT satellite column retrievals. The OMI 
Level 2 swatch information was used to sample the NO2 vertical profiles simulated by 
CMAQ. Next, the CMAQ NO2 column was calculated using the OMI averaging kernel 
(AK). The OMI and CMAQ NO2 column contents were averaged to create daily 0.25º 
× 0.25º Level 3 products following the method developed by Canty et al. (2015). A 
similar approach was used to obtain CMAQ HCHO Level 3 products using the OMI 
HCHO retrievals (see details in Ring et al. (2018)). The tropospheric CO concentrations 
at ~900 hPa in CMAQ were averaged to 1.0º × 1.0 º daily products using the MOPITT 
CO AK (MOPITT Science Team, 2013). The daily gridded satellite and CMAQ 





The difference between OMI and CMAQ columns of NO2, HCHO, and CO is 
shown in Figure 4.3 (analysis by He et al. (in prep)). The analysis indicates CMAQ 
underpredicts the OMI NO2 column (mean ratio=0.81; e.g., CMAQ predicts 81% of 
the OMI NO2 column) in the aircraft campaign region, but in urban regions like Beijing, 
CMAQ substantially overestimates column NO2 by up to 30%. The differences 
Figure 4.3. Difference between OMI and CMAQ of NO2 (left, Unit=DU), HCHO 





between measured and modeled NO2 in these regions represent changes in NOx 
emissions due to recent air pollution regulations and is consistent to conclusions from 
independent studies using OMI products (Krotkov et al., 2016). Similar to NO2, CMAQ 
simulates high column contents of HCHO over the NCP in spring and underestimates 
HCHO in the ARIAs sampling area by <20%. Column HCHO in south China where 
biogenic VOCs dominate is underestimated in the model compared to OMI. The 
MOPITT CO retrievals also show high near-surface CO concentrations over eastern 
China, but only predicts 42% of the CO over the ARIAs aircraft region. 
The comparison of satellite measurements with CMAQ output suggests that 
both NOx and VOCs emissions during ARIAs need to be adjusted to accurately 
simulate tropospheric O3. The model/satellite ratios of NOx, HCHO, and CO in East 
Asia are used to adjust the anthropogenic 2010 EDGAR emissions simulation (referred 
to as the “baseline” simulation in Table 4.1). The “adjusted” run using the 
model/satellite ratios moderately improves simulations of O3, with the root mean 
square error (RSME) decreasing from 25.10 ppbv in the baseline case to 21.18 ppbv in 
the modified simulation. The O3 mean ratio of CMAQ simulations to aircraft 
observations increases from 0.75 in the baseline case to 0.82 in the adjusted simulation. 
The model performance of CO also improves, with the RMSE decreasing from 246.98 
ppbv to 203.60 ppbv and the mean ratio increasing from 0.40 to 0.66 from the baseline 
to the adjusted simulation. The satellite adjustment has a small impact on nitrogen 






4.2.3 Lagrangian particle trajectory model 
The Lagrangian particle dispersion model, HYSPLIT version 4.0 (Stein et al., 
2015), is employed to evaluate the spatiotemporal patterns of airmass transport. 
Meteorology from the WRF model version 3.8.1 with a 36 km domain is used in the 
back-trajectory calculations, the same meteorology used to drive CMAQ. Seventy-two 
hour back trajectories arriving at 500 m AGL are computed for every hour throughout 
May 2016 for the five selected CMEE surface stations in Section 4.2.1. Points along 
the trajectory path are removed from this analysis if WRF indicates any amount of 
precipitation. Trajectories are split into a morning (0:00-3:00 UTC) and afternoon 
(7:00-10:00 UTC) analysis each day to study the diurnal changes of transport.  
4.2.4 OMI Tropospheric Column NO2 
OMI Level 3, Version 3 NO2 (OMNO2d, available: 
https://disc.gsfc.nasa.gov/datasets/OMNO2d_003/summary) data is used to identify 
tropospheric pollution plumes during ARIAs. Onboard the NASA Aura satellite and 
operational since 2005, OMI is a UV/visible solar backscatter spectrometer in a polar 
sun-synchronous orbit with a local equator crossing time of 13:45 in the ascending node 
(Lamsal et al., 2010; Levelt et al., 2006). The total column amount of NO2 is measured 
in a 2600 km swath divided into 60 unequal area pixels, with a nadir pixel size of 13 
km ´ 24 km. OMI achieves daily global coverage over 14-15 orbits.  
The OMI measures the radiance reaching the instrument’s detector. OMI 
measurements include a spectral region of 264-504 nm with a spectral resolution 
between 0.42 and 0.63 nm that is used to provide products for a number of trace gases. 





(DOAS) spectral analysis to derive the NO2 slant column densities (SCD) (Krotkov et 
al., 2016). After subtracting the stratospheric contribution, the SCDs are converted to 
tropospheric vertical column densities (VCD) by applying an air mass factor (AMF). 
The AMFs are derived from optical atmospheric and surface properties and calculated 
with a priori NO2 monthly mean vertical profile shapes from the Global Modeling 
Initiative (GMI) model (Bucsela et al., 2013). A partial blockage in the detector’s field 
of view has limited the number of valid measurements by blocking consistent rows 
(called the row anomaly) since June 2007 (see 
http://projects.knmi.nl/omi/research/product/rowanomaly-background.php). The 
Level 3 NO2 data are provided for near clear sky conditions (NO2 retrievals where 





4.3 Overview of General Meteorology and Observed Pollution 
During late Spring 2016, the position and intensity of the polar jet stream was 
highly variable over the Asian continent, affecting the transport of dust, wildfire smoke, 
and pollution (Peterson et al., 2019). While most of the precipitation falls during the 
summer months in the NCP, several frontal systems bringing rainfall traversed the 
study domain during ARIAs. The prevailing meteorology during ARIAs was 
predominantly high-pressure conditions, bringing weak surface winds and suppressed 
vertical mixing. These synoptic features resulted in several pollution regimes at the 
surface and aloft during ARIAs. Maximum daily eight-hour average O3 (MDA8) 
concentrations at the five selected CMEE sites (Figure 4.4) indicate many days above 
the 75 ppbv CAAQS during ARIAs. Surface and airborne observations (Figure 4.5) 
also point to a wide distribution of pollutant concentrations that depended upon 
meteorological conditions. Next, we discuss surface and aloft pollution signatures 
observed over the Chinese source region and place these in the context of the four 
Figure 4.4. Timeseries of maximum daily eight-hour average (MDA8) O3 mixing ratios in ppbv 
at the five selected CMEE sites throughout the ARIAs campaign. The marker colors on Figure 





synoptic set-ups classified by Peterson et al. (2019), that affected East Asia in Spring 
2016.   
4.3.1 Dynamic Meteorology (May 1-16, 3 RFs) 
A relatively strong polar jet stream was frequently positioned north of the study 
region, along the border between China and Mongolia during early May 2016 (Peterson 
et al., 2019). The strength and position of the polar jet stream combined with flow over 
the Taihang Mountains allowed for upper-level disturbances to induce vertical motion 
in a region known for low-level cyclogenesis during spring (Chen et al., 1991). Several 
Figure 4.5. Distributions of O3, NO2, CO, and SO2 from surface and airborne 
measurements during ARIAs. The five CMEE surface site hourly distribution (SFC) only 
includes days a research flight occurred and the general time period of flights (8:00-19:00 
LST). One-second Y-12 measurements are separated into planetary boundary layer (PBL), 
free troposphere (FT), and all Y-12 observations (All) based on water vapor and potential 
temperature profiles for each flight. The different colors denote the prevailing synoptic 
conditions that affected ARIAs observations, with all observations from ARIAs shown in 
black. No measurements of NO2 and CO are available for the first several ARIAs flights 
due to power constraints and a converter issue. The whiskers extend to the 5th and 95th 
percentiles and the box denotes the 25th and 75th percentiles. The horizontal line is the 





mid-latitude cyclones developed over this region and brought frontal boundaries to the 
NCP from the west, resulting in rapid cycles between cloudy and clear conditions. The 
ARIAs observations were influenced by the frequent switch of meteorological 
conditions. Cooler temperatures during early May 2016 compared to the rest of the 
ARIAs period may have impacted release of BVOCs (Pusede et al., 2014) and 
anthropogenic VOCs from tailpipe (George et al., 2015) and evaporative emissions 
(Rubin et al., 2006). Mean Y-12 mixing ratios of O3 and SO2 during this period were 
~10 and ~7 ppbv lower, respectively, than the ARIAs campaign mean of 11 RFs in 
May and June 2016 (Figure 4.5). The dynamic meteorology period was the longest 
synoptic setup condition during ARIAs, but the five proximate CMEE sites 
infrequently (only 2-3 days) observed MDA8 O3 above the CAAQS of 75 ppbv (Figure 
4.4). In fact, for several days the MDA8 O3 concentrations were below 40 ppbv at the 
urban sites.  
4.3.2 Persistent High Pressure (May 17-22, 3 RFs) 
Stagnant conditions during this period resulted in weak synoptic flow, reduced 
winds speeds, and increased surface temperatures that enhanced the production of O3 
and led to numerous violations of the CAAQS. Stagnant high pressure systems 
typically allow for little lofting of pollutants above the boundary layer, instead trapping 
pollutants near the surface, where these compounds undergo photolysis and other 
chemical reactions (Dickerson et al., 2007). On May 17 and 18, half the CMEE sites, 
including both sites in XT, measured below but close to the MDA8 O3 standard (Figure 
4.4). Throughout the rest of the high pressure episode, MDA8 O3 values from these 





NO2, CO, and SO2 persisted throughout and above the PBL during this period (Figure 
4.5). The persistent high pressure episode will be discussed in more detail as a case 
study in Section 4.4. 
4.3.3 Transport (May 25-31, 2 RFs) 
During this time period, the weaker polar jet stream over central Asia and 
progression of the low-level monsoon boundary to the north resulted in relatively 
weaker and sluggish frontal passages (Peterson et al., 2019). Reduced vertical motion 
favored low-level westerly transport from East Asia across the Yellow Sea to Korea, 
which experienced the unhealthiest surface air quality during this period (Peterson et 
al., 2019). The intensified polar jet stream over the Pacific Ocean at the end of ARIAs 
(May 25-June 10) is associated with the temperature gradient induced by the northward 
migration of the East Asian Monsoon (Sampe and Xie, 2010). In China, the low-level 
boundary between warm and moist monsoonal air and cooler and drier mid-latitude air 
is referred to as “Meiyu”. The strengthening of the springtime southwesterly wind, 
upward tropospheric motion, and convergence of low-level water vapor over south east 
China results in the beginning of the local rainy season and gradually marches farther 
north throughout the springtime (Zhao et al., 2007). The monsoon boundary is 
identified by a quasi-stationary band of convective clouds and thunderstorms, usually 





A morning and afternoon flight on May 28 documented source region 
characteristics before eastward travel. In the morning (3:02-3:30 UTC, 11:02-11:30 
LST), a temperature inversion was observed over XT (Figure 4.6), with high RH and 
aerosol scattering in the lowest 1500 m. Mixing ratios of O3 below 1500 m ranged from 
70-90 ppbv and above 1500 m were ~90 ppbv. By the afternoon spiral (9:15-9:42 
UTC), the temperature inversion ~1000 m sustained hazardous pollution levels of O3 
(95-100 ppbv) near the surface. Surface MDA8 O3 concentrations at the five CMEE 
sites during this period showed several exceedances but were not the highest 
Figure 4.6. Vertical profiles during morning and afternoon spirals over Xingtai. 
Temperature (red) and relative humidity (blue) are shown on top and ozone mixing 
ratios (black) and aerosol scattering at 550 nm (orange) are plotted on the bottom. 





concentrations observed in May (Figure 4.4). The high aerosol scattering during the 
morning flight may have sufficiently reduced the UV radiation flux, resulting in a 
decrease in the O3 production efficiency (Wang et al., 2014b). Measurements from the 
Y-12 indicate  large variations of mixing ratios of CO, NO2, and SO2 in the PBL, likely 
due to sampling of local pollution sources (Figure 4.5).     
While infrequent, this period had numerous impacts on Spring 2016 South 
Korean air quality previously quantified. Using GEOS-Chem, Choi et al. (2019) 
estimated Chinese source contributions accounted for almost 68% of surface PM2.5 
concentrations in South Korea. From flights over the Yellow Sea during Asian 
continental outflow, Tang et al. (2019) estimated 29-51% of CAM-Chem tagged CO 
simulations originated from middle East Asia, which included Hebei Province. High 
aloft levels of ClNO2 in the morning were attributed from vertical or horizontal 
transport of air masses from the west (Jeong et al., 2019) and enhanced NO3- and SO42- 
concentrations during biomass burning periods were associated with the regional 
transport of air masses from polluted regions of eastern China (Park et al., 2018). 
4.3.4 Blocking (June 1-11, 3 RFs) 
At the end of the ARIAs measurement period, a high-pressure ridge over central 
Mongolia north of a low-pressure area in central China, characteristic of a Rex Block, 
influenced East Asia. Rex Blocks bring dry conditions near the high pressure system 
and stormy conditions around the low pressure system, remaining stationary until either 
pressure system changes intensity. This period hindered any significant changes in 
meteorology for over a week, resulting in stagnant conditions and minimal pollution 





and above the CAAQS levels (Figure 4.4), driven by increased cloud cover towards the 
end of this period (Peterson et al., 2019). The stagnant conditions allowed for elevated 
SO2 and NO2 in the FT (Figure 4.5). 
4.4 Case Study: Persistent High Pressure Episode 
4.4.1 Synoptic Set-Up and Measurements 
Stagnant conditions developed on May 17 in the wake of the final frontal system 
(Peterson et al., 2019). Figure 4.7 shows 850 hPa maps and wind speeds from the NCEP 
Climate Forecast System version 2 (CFSv2, available at: 
https://rda.ucar.edu/datasets/ds094.0/) (Saha et al., 2014) from May 15-May 22 at 00Z 
(approximately 08:00 LST). On May 15, an upper-level trough positioned itself over 
eastern mainland China, producing strong northerly winds in the region. A strong low-
level jet was present over the Yellow Sea and North Korea, which has been found to 
be a dominant player in the export of pollutants from urban areas with light synoptic 
wind (Chen et al., 2018). By May 16, the NCP was behind the trough and weak 
northwesterly winds prevailed, allowing the accumulation of pollutants. The 
anticyclone formed over the region on May 17 and persisted for several days, slowly 
moving eastward. The anticyclonic system brought large-scale subsidence, allowing 





formation of O3. The system was disrupted by May 22 when a series of weak cold 
fronts traversed the study region. 
Vertical profiles from May 17 (RF4), May 19 (RF5), and May 21 (RF6) can 
provide insight into the evolution of the concentration of pollutants in the PBL and FT 
throughout the persistent high pressure episode. Figure 4.8 shows vertical profiles of 
potential temperature (theta), relative humidity (RH), O3, NO2, the aerosol scattering 
coefficient (bsp) at 550 nm, and CO in 250 m bins from the three flights during this 
period. Since the RFs sampled at different times each day, these profiles are also 
influenced by diurnal cycles of chemistry and emissions. 
Figure 4.7. Maps of 850 hPa heights (blue contours) and 850 hPa wind speeds (m/s, colored) 





The morning flight on May 17 (1:21-3:13 UTC or 9:21-11:13 LST) observed 
relatively unstable and dry conditions (RH <50%) with high amounts of NO2 
(median=20 ppbv), bsp (median=4×10-4 m-1), and CO (median=968 ppbv) in the lowest 
500 m. The O3 concentrations recorded a minimum near the surface of ~60 ppbv and 
increasing concentrations up to ~100 ppbv at 1000 m, with high levels measured 
throughout the FT. Contrary to the O3 vertical profile, bsp peaked near the surface and 
decreased aloft.  
Figure 4.8. Vertical profiles of 1-second potential temperature (theta), relative humidity 
(RH), O3 mixing ratio, NO2 mixing ratio up to 5 ppbv, the scattering coefficient at 550 nm, 
and the CO mixing ratio up to 450 ppbv from three flights during the high pressure episode 
during ARIAs. The dashed lines indicate the 10th and 90th percentiles, while the solid line 
represents the median. High amounts of NO2 ~23 ppbv  and CO ~968 ppbv measured 
during the morning flight on May 17 indicate local emissions and not shown here to 





Two days later during May 19 (7:42-9:09 UTC or 15:42-15:54 LST), the PBL 
became slightly more moist and median levels of O3, NO2, CO, and bsp were elevated 
throughout the boundary layer. Due to air traffic control restrictions, the Y-12 aircraft 
solely flew spirals over Shijiazhuang, providing temporal and altitudinal evolution 
observations of O3 over one of the most polluted cities in China. Ozone concentrations 
in the FT were lower than measurements from May 17, but even above 3000 m, the 
median mixing ratios were ~80 ppbv.  
Profiles from May 21 (3:57-6:41 UTC or 11:57-14:41 LST) measured 
increasing RH near the surface (~40%) to ~2000 m (~60%). Median O3 concentrations 
and scattering near the surface were slightly larger than the earlier RFs, whereas median 
NO2 levels (~2 ppbv) were the lowest observed during this episode. High median NO2, 
CO, and bsp levels were observed below 1500 m mimicked the RH profile. Above 2500 
m, median concentrations of O3 and NO2 and scattering were comparable to the earlier 
RFs. Analysis of atmospheric composition from May 17 to 22 indicates sufficient 
concentrations of NO2 and CO throughout the profiles to produce O3 during this 
episode.  
Since CO is a tracer for long range transport of pollution due to its long lifetime 
and also a precursor of O3, correlations between O3 and CO are useful indicators for O3 
production efficiency and export. The correlation between O3 and CO on May 17 is 
moderately negative (R= -0.62, all 10-second average data). Previous studies have 
attributed negative correlations to stratospheric influence (Parrish et al., 1998b), 
chemical production of CO (Mao and Talbot, 2004), or photochemical O3 destruction 





strongly positive (R=0.88 and 0.91, respectively, both 10-second average data), 
demonstrative  of photochemical O3 production (Tsutsumi and Matsueda, 2000). 
Next, we use the DO3/DCO ratio to diagnostically evaluate photochemical 
production of O3 in pollution episodes. The relative enhancement of O3 to CO (the 
DO3/DCO ratio, unitless) and the relative humidity profile for the three RFs during the 
high pressure episode are shown in Figure 4.9. The D values represent the difference 
from the mean ARIAs Y-12 concentration for each flight between 2500 and 3500 m 
for May 17 (CO=139.9 ppbv, O3=91.5 ppbv) and between 3000 and 3500 m for May 
19 (CO=103.3 ppbv, O3=80.8 ppbv) and May 21 (CO=91.6 ppbv, O3=89.5 ppbv). 
Throughout the PBL, the DO3/DCO ratio is approximately between -0.1 and +0.1 
during the three flights. Lower DO3/DCO ratios (<0.10) are characteristic of mineral 
dust or transport in the boundary layer, whereas ratios between 0.2-0.5 are distinctive 
of transport of industrial and/or biomass burning (Price et al., 2004). The lower ratios 
 
Figure 4.9. Vertical profiles of 10-second average DO3/DCO (black) between –0.5 and 1.0 and relative 
humidity (blue) for RFs on May 17 (left), May 19 (middle), and May 21 (right). The dotted black line 





observed during ARIAs in the PBL likely resulted from the shorter lifetime of O3 at 
lower altitudes.  
Once above the PBL, the DO3/DCO ratio shows a large variation between 
positive and negative values. Observations from the Photochemical Ozone Budget of 
the Northeast Pacific (PHOBEA) experiments and other airborne observations in the 
North Pacific from 1997-2002 found a smaller range of DO3/DCO ratios of -0.06 to 
1.52 (Price et al., 2004), although these studies collected measurements far from source 
regions. The large variation of the DO3/DCO ratios above the PBL during these flights 
are likely a result of local emissions combined with transport of polluted air masses. 
Ratios greater than 0.5 in the FT have been attributed to mixing of long range transport 
plumes with O3-rich upper tropospheric air (Price et al., 2004). The DO3/DCO ratios in 
the FT on May 19 and 21 show substantial variation. Combined with low RH on May 
19 and 21 (<10%) and concurrent mixing ratios of CO ~100 ppbv, these DO3/DCO 
ratios may be indicative of stratospheric influence.  
To further examine the role of stratospheric influence during the high pressure 
episode, water vapor imagery from the Japan Meteorological Agency’s Himawari-8 
geostationary satellite is presented. Himawari-8 is equipped with a visible infrared 
radiometer with 16 bands called the Advanced Himawari Imager (AHI), which collects 
high temporal (2.5 minutes over Japan and 10 minutes over full viewing domain which 
covers East Asia) and spatial (0.5-2 km) resolution observations (Bessho et al., 2016). 
Three water vapor bands (#8-10 at 6.2, 6.9, and 7.3 µm) are sensitive to middle-to-





downloaded from the University of Wisconsin—Madison’s Space Science and 
Engineering Center (SSEC) MCFETCH portal (https://mcfetch.ssec.wisc.edu/).  
Figure 4.10 shows water vapor imagery from Band 9 (Bands 8 and 10 showed 
comparable features) over East Asia on May 17, 19, and 21 at times when the Y-12 
aircraft sampling altitudes were ~ 3 km. On May 17 at 2:30 UTC, the satellite imagery 
shows a dark grey color (indicating less water vapor or drier conditions) over the 
ARIAs flight domain. To the west of the flight domain, the imagery shows encroaching 
whiter colors (denoting more water vapor). By May 19 at 8:00 UTC, the majority of 
the NCP was influenced by moist conditions throughout the upper troposphere (not 
shown). This water vapor imagery suggests that the May 19 flight was not largely 
influenced by the stratosphere. Alternatively, the May 21 RF at 4:30 UTC shows a large 
region protruding south of drier conditions, also visible at Bands 8 and 10 (not shown). 
These drier conditions on May 21 combined with large DO3/DCO ratios suggests a 
possible contribution of O3-rich, dry stratospheric air. Overall, these results largely 
suggest continuing photochemical production of O3 and demonstrate a local influence 







Figure 4.10. Himawari water vapor imagery from Band 9 (6.9 µm) over East Asia 
retrieved by UW-Madison SSEC MCFETCH. The left image shows 2:30 UTC on 
May 17, the middle is 8:00 UTC on May 19, and the right image is 4:30 UTC on May 
21. The yellow box denotes the approximate location of Y-12 sampling. The greyscale 
denotes the brightness temperature with cooler temperatures (more water vapor) 
shown in whiter colors and warmer temperatures (less water vapor) denoted by darker 





4.4.2 Measured and Modeled O3, NO2, and CO 
In this section, 1-minute average Y-12 measurements of O3, NO2, and CO are 
compared to CMAQ simulations with adjusted emissions using OMI and MOPITT (see 
Section 4.2.2) to evaluate model performance during this widespread O3 pollution 
event. The hourly surface observations at the suburbans sites in SJZ and XT are also 
comapred to CMAQ output.  
Figure 4.11 shows measured O3 concentrations along each RF plotted over 
modeled O3. To create the curtain of modeled O3, the closest surface CMAQ grid cell 
is located spatially and temporally to the Y-12 aircraft observations. The concentrations 
are extracted from all the grid layers above the located grid cell. The extracted 
concentration is plotted as a function of time and height for comparison to ARIAs 
Figure 4.11. Top: Timeseries of 1-minute average O3 mixing ratios sampled from the Y-12 aircraft 
plotted over curtains of modeled O3 concentrations from the closest CMAQ grid point for (a) May 17 
(RF4), (b) May 19 (RF5), and (c) May 21 (RF6). Bottom: Maps of 1-minute average O3 mixing ratios 





measurements. This model extraction method provides a means to sample CMAQ 
output in a similar manner to how the aircraft observed the real atmosphere. Figure 
4.11 (d, e, f) shows the average of the first 1 km (approximately 10 model layers) of O3 
from CMAQ at hours 2:00 (10:00), hour 8:00 (16:00), and hour 5:00 (13:00) UTC 
(LST). 
 In general the model significantly underestimates measured O3. On May 17 
(Figure 4.11a), the model and data show better good agreement below 500 m at the 
beginning and end of the flight than at higher altitudes in the middle of the flight. For 
the vertical ascent at 1:45 UTC over Julu (Figure 4.11d), the model and data indicate 
differences of about 20 ppbv. As the aircraft descended and flew south to Quzhou, the 
model and data indicate better agreement. The model resolves a small packet of high 
O3 on May 17 corresponding to measured aircraft values between 2:15 and 2:30 UTC 
from 1000 to 1500 m as the aircraft spiraled upward around Quzhou. However, the 
model fails to reproduce observed concentrations of O3 below 1000 m and above 1500 
m. 
For May 19 (Figure 4.11b), worse agreement between measured and modeled 
O3 is found below 1500 m compared to May 17. The Y-12 measurements indicate O3 
concentrations as high as 120 ppbv below 1500 m, while the model indicates only ~90 
ppbv. Above the PBL at 8:00 UTC, the model underestimates O3 mixing ratios by ~20 
ppbv. During a flat transect between 8:15 and 8:30 UTC, the Y-12 observed ~90 ppbv 
O3, while the model indicates <60 ppbv. CMAQ does predict elevated O3 





However, the overall magnitude of these surface O3 levels is between ~10-20 ppbv 
lower than actually observed.  
Comparison of modeled and measured O3 from May 21(Figure 4.11c) show 
results similar to that found for May 19, however the differences between the 
observations and simulations are even greater (see 4:00 and 6:30 UTC). One-minute 
average Y-12 mixing ratios at the beginning and end of the flight were ~130 ppbv. The 
model does predict an O3 plume at both times, but the overall magnitude of O3 is 
underestimated by ~40-45 ppbv. As the aircraft ascended and flew south toward 
Quzhou at 4:30 UTC (Figure 4.11f), there is good agreement between the model and 
data from 2000 to 2750 m of ~ 70 ppbv O3. Above 3000 m, the model again 
underpredicts O3 concentrations by 25-30 ppbv. The spiral near Quzhou (~5:00 UTC) 
observed ~100 ppbv O3 in the lowest 2000 m, whereas the model indicates ~70 ppbv. 
The model accurately predicts higher O3 levels during sampling near Xingtai, but the 
magnitude compared to Y-12 measurements is underestimated by 25-30 ppbv.  
Correlations of the measured and modeled O3 for each RF are shown in Figure 
4.12. All three panels indicate a moderate correlation of the measurements with its 
corresponding closest CMAQ grid points and vertical levels for all three RFs. However, 
the model generally underestimates O3 concentrations compared to 1-minute average 
Y-12 O3, as indicated by the normalized mean bias (NMB) and ratios less than 1. 
Similar to the baseline CMAQ run by He et al. (2019) finding a 25% error in 10-minute. 
average concentrations from all research flights, O3 concentrations from May 17, 19 
and 22 using updated emissions are underestimated by 22-31%. In order for modeled 





of O3 in the appropriate grid cell. Based on Figure 4.11, we see that CMAQ generally 
produced elevated concentrations of O3 in the right locations, but substantially 
underestimated its magnitude, helping to explain the moderate correlations in Figure 
4.12.  
Comparisons of measured and modeled NO2 after OMI and MOPITT 
adjustments were made are also performed. In order to accurately model O3 production, 
appropriate representation of NO2 in the CMAQ model framework is required. Figure 
4.13 panels a, b, and c show 1-minute average NO2 along the Y-12 flight path over a 
curtain of modeled NO2 from CMAQ from the closest grid point. Near surface modeled 
NO2 are generally low compared to the Y-12 measured values, especially on May 17 
at 1:30 UTC (Figure 4.13a) when NO2 concentrations reached ~40 ppbv. Above 2000 
m, measured and modeled NO2 shows good agreement. Comparison of Figures 4.11a 
Figure 4.12. Scatterplots comparing 1-minute average O3 from the Y-12 aircraft and modeled 
CMAQ from the closest grid point and model layer for (a) May 17 (RF4), (b) May 19 (RF5), and 
(c) May 21 (RF6). The standard deviation, mean ratio (CMAQ O3/Y-12 O3), root mean square error 





and 4.13a show low O3 concentrations collocated with high NO2 around 1:30 UTC 
(9:30 LST) during May 17. The presence of high NO2 with low O3 during the morning 
may indicate titration of NOx or VOC-sensitivity within the CMAQ model framework. 
The corresponding measurements of O3 generally agree with the model, whereas the 
observations of NO2 do not. Therefore, model adjustments to NO2 are needed to rectify 
the model and data discrepancy.  
For May 19, the model generally predicts the NO2 concentration gradient while 
flying spirals over Shijiazhuang (Figure 4.13b). At the beginning and end of the flight 
(~7:30 and ~9:15 UTC), the corresponding measurement of NO2 agrees well with the 
model prediction of ~3-4 ppbv below 750 m. Furthermore, the model is able to 
Figure 4.13. Top: Timeseries of 1-minute average NO2 mixing ratios sampled from the Y-12 
aircraft plotted over curtains of modeled NO2 concentrations from the closest CMAQ grid point for 
(a) May 17 (RF4), (b) May 19 (RF5), and (c) May 21 (RF6). Bottom: Maps of 1-minute average 
NO2 mixing ratios plotted over average 1 km CMAQ NO2 at 2:00 UTC (d), 8:00 UTC (e), and 





reproduce NO2 concentrations during the rapid descent at 8:30 UTC from <0.5 ppbv 
above 2000 m to 2-3 ppbv at 1000 m. The corresponding measurements of O3 in these 
regions do not agree with the model (Figure 4.11b). Similar to May 19, the model 
generally reproduces the correct NO2 concentrations where it could not predict O3 
mixing ratios on May 21, except ~6:00 UTC. The Y-12 observed ~7 ppbv NO2 below 
500 m on May 21, but the model only simulates a small plume with the incorrect 
magnitude. 
Figure 4.14 shows correlations of measured and modeled NO2 during the high 
pressure episode. The correlations of NO2 vary greatly based on the RF, although in 
general the model underestimates NO2, especially at higher concentrations. May 17 
(Figure 4.14a) shows the biggest underestimation of NO2 due to the high concentrations 
observed near the surface that the model was unable to reproduce. In some cases on 
May 19 (Figure 4.14b) and May 21 (Figure 4.14c), the model slightly overestimates 
Figure 4.14. Scatterplots comparing 1-minute average NO2 from the Y-12 aircraft and modeled 
CMAQ from the closest grid point and model layer for (a) May 17 (RF4), (b) May 19 (RF5), and 
(c) May 21 (RF6). The standard deviation, mean ratio (CMAQ NO2/Y-12 NO2), root mean square 





NO2 mixing ratios, particularly below 2000 m. These results showcase an improvement 
in simulating NO2 compared to the baseline case (He et al., 2019).  
The comparison of measured and modeled CO is presented in Figure 4.15. 
Panels a, b, and c show the 1-minute average Y-12 observations overlaid on the model 
curtain output from the closest CMAQ grid cell. Similar to NO2 (Figure 4.13), the 
model produces lower CO concentrations below the PBL, especially on May 17 and 21 
when enhanced NO2 levels were also observed.  
 
Figure 4.15. Top: Timeseries of 1-minute average CO mixing ratios sampled from the Y-12 aircraft 
plotted over curtains of modeled CO concentrations from the closest CMAQ grid point for (a) May 
17 (RF4), (b) May 19 (RF5), and (c) May 21 (RF6). Bottom: Maps of 1-minute average CO mixing 






Figure 4.16 shows scatterplots comparing measured and modeled CO for the 
respective RFs. The Y-12 aircraft observed much larger CO values than are produced 
in CMAQ, especially on May 17 shown in panel a. May 21 (panel c) shows the best 
agreement but is still consistently low compared to observations. The underestimation 
near the surface could indicate CO emissions are too low in the model. 
Next, hourly surface timeseries of O3, NO2, and CO at the suburban SJZ and  
XT sites are compared to CMAQ output in Figure 4.17. The diurnal profiles from the 
CMEE network (solid line) and the nearest CMAQ grid cell (dotted line) are shown 
from May 17-May 22. Since the urban SJZ site did not record hourly O3 data, only the 
suburban sites are presented. In general, the other CMEE sites showed comparable 
diurnal patterns during this time period but the model often underestimates 
concentrations of O3 precursors. 
Figure 4.16. Scatterplots comparing 1-minute average CO from the Y-12 aircraft and modeled 
CMAQ from the closest grid point and model layer for (a) May 17 (RF4), (b) May 19 (RF5), and 
(c) May 21 (RF6). The standard deviation, mean ratio (CMAQ CO/Y-12 CO), root mean square 






Measured concentrations of O3 showed minimums in the morning and at night, 
with peaks in the early afternoon. Concentration were generally higher in SJZ than XT, 
particularly in the afternoon. The simulated O3 concentration generally reproduces the 
correct temporal evolution, but overpredicts morning mixing ratios by 50-75 ppbv 
while underestimating the afternoon peaks by 25-50 ppbv, due most likely to 
underestimated precursor concentrations. The measured O3 peaks in SJZ generally 
increased by ~10 ppbv per day, with May 22 measuring nearly 145 ppbv between 14:00 
Figure 4.17. Timeseries of O3 (top), NO2 (middle), and CO (bottom) at the SJZ suburban 
site. The solid line shows the hourly average concentrations reported by CMEE and the 





and 16:00 LST. The highest O3 concentrations were measured on May 20 ~125 ppbv 
between 14:00 and 16:00 LST. CMAQ does not capture an increasing trend in the 
highest O3 levels. 
Concentrations of NO2 peak in the morning and evening hours corresponding 
to traffic and PBL depth. Similar to O3, concentrations were usually higher in SJZ than 
XT. On May 21, measurements showed substantially high levels of NO2 at both sites 
in the early hours of ~80 ppbv. While the modeled magnitude of some peaks on May 
18 and 19 are close to the observations, the model often underpredicts concentrations 
at the end of the episode.  
Unlike O3 and NO2, the observed concentrations of CO were usually higher in 
XT than SJZ, possibly reflective of the winter wheat residue straw burning in this area 
in May. In SJZ, concentrations of CO generally peaked mid-morning between 1000 
and 2000 ppbv, whereas one peak reached much larger concentrations up to 6000 pbv 
in XT. Simulated CO concentrations often miss the correct magnitude of peaks. 
Scatterplots comparing measured and modeled O3, NO2, and CO at the SJZ 
suburban site and the XT suburban site from May 17-22 are shown in Figures 4.18 and 
4.19, respectively. Among the three variables, there is poor agreement between the 
measurements and model. The model overpredicts some low O3 concentrations, while 
underpredicts the high O3 concentrations at both sites. Similarly, the model 
underpredicts high concentrations of NO2, especially at the XT site, and some low NO2 
concentrations are overpredicted. However, since the CMEE sites utilize 
chemiluminescence measurements of NO2 which experience interferences from NOy 





al., 2019). CMAQ reproduces some high concentrations of CO, but at the wrong time. 
Both sites observed much larger CO values than are produced in CMAQ, indicating 
CO surface emissions are too low in the model. Overall, emissions used in CMAQ need 
improvements in order to be reliably modeled 
Figure 4.19. Scatterplots comparing measured concentrations of O3 (left), NO2 
(middle), and CO (right) to modeled CMAQ levels from the closest grid point from 
the SJZ suburban site. The points include hourly data and simulations for May 17-
22. The standard deviation, mean ratio (CMAQ/CMEE), RMSE, NMB, linear fit, 
and r2 are calculated for each compound. 
Figure 4.18. Scatterplots comparing measured concentrations of O3 (left), NO2 
(middle), and CO (right) to modeled CMAQ levels from the closest grid point from 
the XT suburban site. The points include hourly data and simulations for May 17-22. 
The standard deviation, mean ratio (CMAQ/CMEE), RMSE, NMB, linear fit, and r2 






A comparison of observed and simulated aloft and surface concentrations of 
NO2 during the high pressure episode is shown in Figure 4.20. The mean measured 
vertical profiles of NO2 are comparable to the model with adjusted emissions using 
OMI. The largest discrepancies between the model and data are seen in the lowest 500 
m, particularly during the morning flight on May 17. Simulated concentrations of NO2 
at the XT and SJZ suburban sites on May 17 are similarly too low compared to the 
measurements, although these observations were acquired with chemiluminescence, 
which can lead to overestimates in NO2. The modeled and observed relative humidity 
(RH) profiles provide insight into the PBL height that may be useful for differentiating 
Figure 4.20. Mean vertical profiles in 500 m bins of NO2 (orange) and relative humidity (blue). 
The dashed line shows the modeled profiles, while the solid line denotes the Y-12 
measurements. The observed (closed triangles) and simulated (open triangles) surface NO2 
concentrations are shown at the XT (green) and SJZ (magenta) suburban sites in the same colors 





errors due to dilution from errors from chemical transport (Castellanos et al., 2011). In 
the lowest 1500 m, the model overpredicts RH on May 17 and 21. While the general 
modeled profile of RH is correct on May 19 and 21, the simulated RH profile on May 
17 fails to reproduce the observations. The surface measurements of NO2 and vertical 
profiles of RH during the afternoon May 19 and 21 RFs show better agreement with 
the model. The underestimation of near surface NO2 by the model suggests additional 
emission improvements integrating measurements with better surface sensitivity or 
improved diurnal information (such as PBL height) are needed. 
4.4.3 Trajectory Analysis 
In order to investigate concentrations and trajectories of air masses 
simultaneously, a cluster analysis of morning back trajectories is conducted for the 
suburban site in SJZ. This site is selected because it experienced some of the highest 
MDA8 levels during the campaign (Figure 4.4). However, HYSPLIT backward 
trajectories for each site indicate comparable travel paths. Trajectories for the entire 
month of May 2016 ending 500 m AGL above the location of the site between 0:00-
3:00 UTC are used in this analysis and merged with the corresponding hourly CMEE 
measurements. In contrast to the cluster analysis presented in Chapter 3, trajectories 
are grouped using the Euclidean distance method in TrajStat, given by Equation 8: 
𝑑+& = e∑ ((𝑋+(𝑖) − 𝑋&(𝑖))& + (𝑌+(𝑖) − 𝑌&(𝑖))&)(*+    (8) 
where X1 (Y1) and X2 (Y2) indicate the longitude and latitude coordinates of backward 
trajectories 1 and 2, respectively. The main advantage of the Euclidean distance method 





result, which is ideal for this study of short-lived compounds in the troposphere. An 
eight-cluster solution is adopted in this analysis. 
Figure 4.21 shows a map with eight different colored lines indicating the eight-
cluster solution. In the same color as the cluster, concentrations statistics measured at 
the CMEE site and simulated by CMAQ are shown on the right for CO, NO2, O3, and 
SO2. The cluster with the highest measured mean concentrations of O3, NO2, and CO 
(Cluster 7, N=21) includes most days during the high pressure episode. Similar to the 
model-measurement comparison in Section 4.4.2, the modeled average levels of CO 
and NO2 are underestimated compared to observations in Cluster 7, whereas the model 
overestimates concentrations of O3. Average levels of SO2 agree well between the 
model and measurements. Cluster 3 (N=31) indicates approximately the same mixing 
ratios of measured CO and NO2 as Cluster 7. The dates in Cluster 3 are mostly towards 
the end of the month during the transport period (May 25-31), as well as two trajectories 
during the high pressure episode. Similar to Cluster 7, the model underestimates CO 
and NO2 concentrations, overestimates O3 levels, but agrees better with SO2 mixing 
ratios in this cluster. Clusters 2 (N=7) and 5 (N=5) traverse through nearby provinces 
before sampling, but generally do not exhibit substantially elevated concentrations of 
NO2 or SO2. An exception is for high SO2 during Cluster 5, likely indicative of coal 
combustion sources. Cluster 5 indicates the largest measurement-model disagreement 
for SO2, while Clusters 1 and 3 show the largest discrepancy for O3, NO2, and CO.  
Clusters 4 (N=13) and 6 (N=10) travel similar paths, but the observed concentrations 
during these time periods were substantially different. For instance, a large variability 





Cluster 6 indicates some of the lowest measurements of NO2 and SO2. Since a known 
disadvantage of the Euclidean distance method is the different classification of two 
identical backward trajectories except for their speeds, it is possible that trajectories in 
Cluster 6 traveled faster away from pollution sources than those in Cluster 4. Despite 
these shortcomings, Cluster 4 and 6 show the best agreement between measured and 
modeled O3. 
To provide a direct link between polluted air masses from sources and receptor 
measured by the suburban SJZ site during the high pressure episode, we combine 
backward HYSPLIT trajectories with CMAQ output. This analysis is split to study the 
impact of transport in the morning (0:00-3:00 UTC or 8:00-11:00 LST) and afternoon 
(7:00-10:00 UTC or 15:00-18:00 LST) in Figures 4.22 and 4.23. After locating the 
closest CMAQ grid cell in time and space for each hour, trajectories between 0:00-3:00 
Figure 4.21. Backward trajectory clustering results for hours 0:00-3:00 UTC in May 2016 at the suburban 
SJZ sites. The map shows the paths of the 8 clusters in different colors. On the right, mean and ± standard 






 from CMAQ simulations (diamonds) and the 
CMEE measurements (circles). The color of the trajectory on the map corresponds to the same colored line 





and 7:00-10:00 UTC are grouped based on the number of hours before sampling. Next, 
mean and standard deviation values are calculated for a number of variables. The 
CMEE sampling time is indicated when the hour back approaches 0. As discussed in 
Section 4.2.2, concentrations of O3, NO2, and CO are often underestimated in CMAQ 
compared to observations, particularly near the surface. Therefore, the discussion that 
follows focuses on how concentrations qualitatively change in the model and not on 
overall magnitude. 
Seventy-two hour HYSPLIT backward trajectories initialized between 0:00-
3:00 UTC from May 17-22 at the SJZ suburban site (Figure 4.22) show dynamic 
transport pathways during this multi-day high pressure case study. During high 
Figure 4.22. HYSPLIT backward trajectories between 0:00-3:00 UTC (8:00-11:00 LST) 
combined with CMAQ model output. The colors indicate the day in which the trajectories were 
initialized with the suburban SJZ site as the receptor. Left: Map showing the paths of 72-hour 
HYSPLIT backward trajectories for six days (different colors) during the high pressure episode. 
Right: Hourly timeseries of altitude, concentrations of O3, NO2, CO, and SO2, and temperature for 
six days (different colors) during the high pressure event. The number of hours back indicates the 
number of hours before sampling, with zero showing the measurement time. The average is shown 





pressure events, entrainment of FT air into the PBL during the morning can increase 
the mixing depth and pollution levels (Huang et al., 2010; Parrish et al., 2010). On May 
17, a polar continental airmass (cP) traversed through Inner Mongolia and Shanxi 
Province to the west bringing cold and dry conditions to the NCP before sampling. 
Flow on May 18 indicated another cP airmass traveled through Inner Mongolia, but 
passed farther east and proceeded over Beijing and several heavily polluted coastal 
provinces (Shandong, Jiangsu) before recirculating and flowing northward. By May 
19, anticyclonic flow allowed a moist and warm maritime tropical (mT) airmass to pass 
over the Yellow Sea and traverse through several provinces (Zhegiiang, Anhui, and 
Henan) to the south before traveling northward to ground locations in Hebei. A 
comparable pattern of an mT airmass traveling through industrialized coastal provinces 
before sampling is indicated for May 20, 21, and 22, with a gradual stronger westward 
component than southward. Trajectories on May 20-22 72 hours before sampling 
illustrate flow near the Korean Peninsula. These morning trajectories indicate general 
subsidence before sampling in the NCP on all days, with the mean altitude decreasing 
with time. 
Between 48 and 72 hours before sampling, simulated mean concentrations of 
O3, NO2, CO, and SO2 are generally comparable in the morning among the six different 
days. At the end of the period (May 21 and 22), the larger fluctuations in concentrations 
(denoted by spread of the standard deviation) suggest these air masses are more 
polluted between 48-72 hours before sampling than at the beginning of the episode 
(May 17 and 18). It is likely that these higher concentrations are a result of the lower 





allow for passage closer to ground-based emission sources and favor O3 production due 
to faster reaction rates and higher release of biogenic VOCs (Sillman and Samson, 
1995). In addition, the location of the May 21 and 22 trajectories 48-72 hours before 
sampling are over the Yellow Sea, potentially promoting O3 formation. Based on ship 
and ground observations from multiple field campaigns, Goldberg et al. (2014) posited 
that daytime O3 concentrations were elevated over the Chesapeake Bay due to 
shallower boundary layers, higher photolysis rates, less boundary layer venting, and a 
slower deposition velocity. The same mechanisms may be at play over the Yellow Sea 
on May 21 and 22 which supported the buildup of O3. Simulated mean concentrations 
of O3 along the trajectories for all days are relatively constant ~60 ppbv between 48-72 
hours back in time, slightly higher than estimates of background O3 concentrations 
using GEOS-Chem of 40-50 ppbv (Ni et al., 2018; Wang et al., 2011). Background O3 
levels can consist of production from natural precursor sources, contributions from the 
stratosphere, and include long-range transport from non-domestic anthropogenic 
emissions (Huang et al., 2010).  
Modeled concentrations of O3, NO2, CO, and SO2 increase for all days ~36 
hours before sampling when all trajectories are over Hebei or nearby provinces. May 
21 and 22 express the largest concentration in magnitude whereas May 17 shows the 
smallest enhancement. Concentrations of O3 spike on May 21 and 22 while levels of 
CO and NO2 also peak, suggesting a combination of en route production and transport. 
Several peaks of NO2, CO, and SO2 on May 21 and 22 are suggestive of sampling of 
polluted air masses. While mixing ratios of NO2, CO, and SO2 are all simulated to 





decrease. The dip in O3 concentrations before sampling suggest loss from dry 
deposition or reaction with NO to produce NO2 (which spiked at the same time).  
The 72-hour HYSPLIT backward trajectories initialized between 7:00-10:00 
UTC from May 17-22 at the SJZ suburban site (Figure 4.23) are comparable to the 
morning trajectories. The main difference is the May 18 trajectory did not travel as far 
as the morning trajectories. Additionally, the mT air masses on May 19-22 originate 
farther in the Yellow Sea within the time frame. The trajectories all indicate subsidence 
from May 17-22 and the earlier trajectories (May 17 and 18) similarly had a higher 
starting altitude than the later trajectories (May 21 and 22).  
Figure 4.23. HYSPLIT backward trajectories between 7:00-10:00 UTC (15:00-18:00 LST) combined 
with CMAQ model output. The colors indicate the day in which the trajectories were initialized with 
the suburban SJZ site as the receptor. Left: Map showing the paths of 72-hour HYSPLIT backward 
trajectories for six days (different colors) during the high pressure episode. Right: Hourly timeseries 
of altitude, concentrations of O3, NO2, CO, and SO2, and temperature for six days (different colors) 
during the high pressure event. The number of hours back indicates the number of hours before 
sampling, with zero showing the measurement time. The average is shown in the solid line and the ± 





Similar to Figure 4.21, concentrations of NO2, CO, and SO2 in the afternoon 
trajectories are low 36-72 hours before sampling. Unlike the morning trajectories, O3 
levels in the afternoon trajectories between 36-72 hours before sampling are higher on 
May 17 and 18 than May 21 and 22 by ~5 ppbv. Between 36-72 hours before sampling, 
the higher O3 levels on May 17 are accompanied by lower temperatures than simulated 
on May 22. Mixing ratios of O3, NO2, CO, and SO2 increased ~36 hours before 
sampling. Unlike the morning, the afternoon mean concentrations of O3 between 12-
36 hours before sampling are lower on May 22 than May 17. By the sampling time, O3 
levels are comparable for all days except May 17 and levels of NO2, CO, and SO2 are 
all relatively comparable.  
The important role local emissions play on air quality in Hebei presented here 
appear to be consistent with more sophisticated modeling studies. Li et al. (2016) 
demonstrated the role of local sources on surface transport of O3, CO, and SO2 between 
the NCP and the purlieus of Beijing due to changes in the prevailing wind direction. 
On days with simulated MDA8 O3 >100 ppbv, the GEOS-Chem model predicts 
domestic anthropogenic sources account for 41% of the surface O3 concentrations from 
May-August in the NCP (Lu et al., 2019). Previous ground-based observations at an 
urban site in Shijiazhuang from April to August 2018 found air masses transported 
from short-distances (<50 km) have the largest contributions to measured VOCs (Guan 
et al., 2020). While PM2.5 was not available in this study,  Chang et al. (2019) found 
32-53% of the annually averaged PM2.5 concentrations in 13 cities in the BTH region 





tool in CMAQ. This study also found emissions from Shandong and Henan Provinces 
had the largest contributions to PM2.5 levels (8.4% and 4.5%, respectively).  
4.4.4 OMI Tropospheric NO2 
Space-based measurements of tropospheric column NO2 are widely used to 
study temporal and spatial patterns (e.g. Lin et al., 2015) and long-term trends (e.g. 
Krotkov et al., 2016) as well as infer NOx sources (e.g. Lin, 2012) and top-down 
emissions (e.g. Liu et al., 2018) over China. In this section, we use OMI measurements 
to qualitatively identify locations that may have impacted the NCP during the high 
pressure episode (Figure 4.24). Data from OMI are contaminated by clouds and 
affected by the row anomaly, so only a limited snapshot can be shown. 
Figure 4.24. Maps of tropospheric column NO2 from OMI during the high pressure episode. 
The black box indicates the region of ARIAs flights and the dotted box on May 18 denotes the 
NO2 plume over the Yellow Sea. While clouds and outages often obscured the OMI retrievals, 





Evident from Figure 4.24 are hotspots of tropospheric NO2 over the NCP, 
particularly in the BTH region, as well as the YRD. Measurements of high tropospheric 
NO2 columns over Seoul, South Korea are observed. Based on DISCOVER-AQ and 
KORUS-AQ measurements, OMI NO2 values are found to be about a factor of 2 lower 
compared to aircraft observations in highly polluted environments due to inaccurate 
retrieval assumptions but mostly related to OMI’s large footprint (Choi et al., 2020). 
The OMI retrieval on May 18 reveals an NO2 plume to the southwest of South 
Korea over the Yellow Sea. Based on 850 mbar heights from Figure 4.7 and previous 
analysis by Peterson et al. (2019), winds over this region were weak and flowing to the 
north. HYSPLIT forward trajectories from the KORUS-AQ flight over the Yellow Sea 
on May 18 show airmass travel to the north and northwest, but missed the ARIAs flight 
domain. Measurements from the KORUS-AQ shipboard Pandora Spectrometer 
Instrument found variability of total column NO2 over the ocean was mostly affected 
by local anthropogenic emissions and highly dynamic air mass transport pathways 
(Tzortziou et al., 2018). Unlike the high-frequency ship remote-sensing sensors, 
Tzortziou et al. (2018) discovered the OMI was not able to detect small-scale, short-
term changes in NO2 over coastal waters. 
High tropospheric columns of NO2 are also seen on multiple days in 
northwestern Shandong Province over the heavily industrialized and capital city, Jinan. 
While trajectories are not shown during the OMI overpass time, morning and afternoon 
trajectories from the suburban SJZ site (Figures 4.22 and 4.23) both pass over 
Shandong Province on May 20-22. In addition, vertical profiles and DO3/DCO (Figures 





4.5 Summary and Conclusions 
In this chapter, we analyze airborne measurements from ARIAs and surface 
observations from the CMEE network in Hebei Province of the NCP from May-June, 
2016. We discuss these observations in relation to four meteorological setups affecting 
the ARIAs and concurrent KORUS-AQ field campaigns described by Peterson et al. 
(2019). The results from a multiday persistent high pressure episode are discussed in 
more detail due to the incessant levels of pollution observed during this period. 
Airborne measurements are compared to CMAQ simulations with updated emissions 
using OMI and MOPITT satellite retrievals over East Asia. The CMAQ simulations 
are merged with HYSPLIT backward trajectories for five CMEE surface sites in the 
NCP to understand the evolution of pollutants (O3, CO, NO2, SO2) before sampling. 
Finally, OMI measurements of tropospheric NO2 are shown throughout this high 
pressure episode to assess locations possibly contributing to the large pollution loading 
during the high pressure episode. 
High amounts of O3 and its precursors were ubiquitous in May and June 2016 
over the NCP during a variety of synoptic conditions. While the aim of ARIAs was to 
characterize the source region, transboundary pollution events to the Korean Peninsula 
were uncommon in Spring 2016. The highest surface and aloft O3 mixing ratios were 
observed during a multi-day persistent high pressure episode from May 17-22 due to 
favorable atmospheric conditions. Computed DO3/DCO ratios from the ARIAs 
airborne data indicates high efficiency of O3 production and suggests airmass transport 
throughout and above the PBL on May 19 and 21. Dry upper tropospheric conditions 





of CO and high amounts of O3 in the FT on May 21 suggests a small stratospheric 
contribution to ARIAs measurements. CMAQ results are compared during the high 
pressure episode to measured Y-12 and surface concentrations. Overall, 
concentrations of O3, NO2, and CO are severely underestimated by CMAQ compared 
to the observations. The model generally reproduces locations and time periods of 
elevated levels, but misses the full magnitude of the measured concentrations. The 
preliminary analysis presented here illustrates additional improvements in the 
emission inventory are needed, especially near the surface, to rectify measurement and 
model discrepancies.  
We investigate concentrations along trajectories to delve into the influence of 
local and regional sources on air quality during the high pressure episode. HYSPLIT 
backward trajectories demonstrate several days are influenced by a warm and moist 
maritime tropical airmass originating near the Korean Peninsula, traversing over 
several industrialized provinces before sampling in Hebei. When these trajectories are 
combined with the CMAQ output, concentrations of O3, CO, NO2, and SO2 generally 
increase within the last 24 hours before sampling, suggesting local transport from 
nearby provinces. The spatial and temporal distributions of NO2 in east Asia show 
high levels in the Beijing-Tianjin-Hebei and Yangtze River Delta regions during the 
high pressure episode. The HYSPLIT backward trajectories on May 20-22 pass near 
Jinan, the capital of Shandong Province, another region with high tropospheric 
columns of NO2. Since the highest spatial resolution of OMI (13 km ´ 24 km) is too 
coarse to identify fine spatial features of NO2 abundance, better resolution (7 km ´ 3.5 





(TROPOMI) and the Geostationary Environment Monitoring Spectrometer (GEMS) 
may help improve assessing NO2 hotspots at a fine scale for future study. Analysis of 
the ARIAs measurements reveals that a key to understanding springtime pollution in 





Chapter 5:  Concluding Remarks 
5.1 Summary of Results 
In this dissertation, I illustrate a few aspects of the air pollution problem in the 
NCP by analyzing a U.S.-China collaborative project called ARIAs. Airborne 
measurements of trace gases (O3, CO, NO2, NO, SO2, and VOCs) and aerosol optical 
properties (scattering and absorption) were collected over Hebei Province in May and 
June 2016. This intensive airborne data set acquired inland measurements over one of 
the most polluted regions in the world while a collaborative NASA-NIER Korean air 
quality study (KORUS-AQ) obtained observations downwind over the Korean 
Peninsula. We obtained in situ profiles over the Chinese source region to facilitate 
Lagrangian experiments on the formation and modification of aerosols and trace gases. 
The work presented in this thesis provides the following contributions to understanding 
air quality during ARIAs by answering the questions presented in Section 1.4: 
1) How is aloft O3 photochemistry affected by NOx and VOCs in Hebei 
Province and which VOCs are most influential in the production of O3? What 
characteristic pollution source signatures are present and how do they compare 
to previous studies in China and to other areas where pollution controls 
measures have been successfully implemented? 
Analysis of ARIAs observations shows high but variable pollutant loadings 
throughout the PBL (O3: 45-145 ppbv, CO: 80-6054 ppbv, NOx: 0-53 ppbv). Total 
observed mixing ratios of VOCs range from 4 to 23 ppbv in the PBL, mostly dominated 
by alkanes and dependent upon collection altitude. While the most abundant species 





previous surface studies, mixing ratios aloft in the PBL are generally lower and 
originate from diverse sources due to unique emission source characteristics found 
throughout China. Sources of VOCs at flight altitudes include vehicular emissions, fuel 
and solvent evaporation, and biomass burning. 
My analyses confirm that VOC reactivity and emission amount should be 
considered collectively when formulating control strategies for O3. I find m/p-xylene, 
ethylene, propylene, and i-pentane play significant roles in the aloft production of O3 
in Hebei Province. Box model simulations estimate a peak rate of mean O3 production 
of ~7 ppbv/hour in the PBL below 500 m, albeit pollution frequently extended into the 
FT where NO2 mixing ratios ~400 pptv leads to net production rates of O3 up to ~3 
ppbv/hour. These production rates are sufficient to continue to produce O3 downwind. 
My study agrees with previous ground-based research that identifed the most reactive 
VOCs in the NCP and found NOx-sensitivity for O3 production throughout the PBL 
over Hebei, while more VOC-sensitivity at low altitudes near urban centers. My 
research shows controlling both NOx and VOCs is necessary, but stricter VOCs 
controls in certain VOC-sensitive areas may provide additional benefits.  
The observed ratios between different pollutants are used to characterize 
regional combustion source signatures. The ARIAs measurement-derived CO/CO2 
ratio (3.1%) is indicative of low-efficiency fuel combustion, and together with large 
amounts of SO2 suggests a residential coal burning source. Even though our aloft 
measurements cover only a small area in the NCP, our observed CO/CO2 ratio is 
consistent with Chinese-sourced inflow obtained from airborne observations during 





ratios (~10%) with less SO2 are observed, reflective of biomass burning sources 
(Andreae and Merlet, 2001). Low CO/CO2 and SO2/CO2 ratios indicate combustion 
sources using a sulfur scrubber or burning low sulfur fuel from high combustion 
efficiency power plants. Compared to observations in the mid-2000s in Beijing, the 
ARIAs CO/CO2 ratio is 0.1-2.7% lower, demonstrative of some success in regional 
pollution control strategies. By contrast, the ARIAs CO/CO2 ratio is higher than 
satellite-derived ratios over megacities across the globe where extensive pollution 
control measures have been implemented. The work of Chapter 2, summarized above, 
was published in November 2020 in Atmospheric Chemistry and Physics (Benish et al., 
2020a). 
 
2) Do atmospheric abundances of CFCs observed over a suspected source 
region agree with global and Northern Hemisphere background levels? How do 
different meteorological conditions affect the levels and sources of measured 
CFCs?  
I find high amounts of CFCs well above the 2016 global, tropospheric 
background that are reflective of local release. Median enhancements above 
background levels for CFC-11, CFC-12, CFC-113, and CFC-114 are 22%, 6%, 10%, 
and 47%, respectively. Correlations of CFCs with substances used in their manufacture 
are selected to investigate the possibility of new, unreported production. The 
correlation of CFC-11 with the feedstock CCl4 (r2=0.78) and the closely related, co-
produced CFC-12 (r2=0.64) suggests widespread release due to new production of these 





unusually large amount of CFC-11 (2163 pptv), likely due to sampling of industrial 
applications such as spray polyurethane foam in the immediate vicinity.  
An analysis combining backward trajectories with measurements of CFCs and 
materials commonly used as feedstock provides new insight into potential source 
regions of CFCs production. I discovered new production of CFC-11 throughout 
eastern China, while new production of CFC-12 is only identified when flow is from 
Inner Mongolia and Shanxi Province. I find no evidence for new production of CFC-
113, but strong correlations of CFC-114 with the feedstock C2Cl4 suggests new 
production of CFC-114 from Shandong Province. My analysis of CFCs over a 
suspected CFC-11 source region is the first to show new production of CFC-12 from 
regions to which previous modeling studies (Rigby et al., 2019) were insensitive. The 
findings of this study confirm high levels of ODSs over Hebei due to new production 
and continued use, in conflict with the international Montreal Protocol. This research, 
presented in Chapter 3, is currently under review at the Journal of Geophysical 
Research: Atmospheres (Benish et al., 2020b).  
 
3) How do meteorological conditions affect the vertical distribution and 
transport of trace gases over the NCP? Do atmospheric models agree with 
observations?  
In Chapter 4, four meteorological periods affecting East Asia in May and June 
2016 as identified by Peterson et al. (2019) are discussed in context of pollution 
composition during ARIAs. During the first dynamic meteorology period (May 1-15), 





cloudy and clear conditions. Due to the frequent shift of conditions, mean airborne 
ratios of O3 and SO2 were 15-20 ppbv and 7-10 ppbv, respectively, below the ARIAs 
campaign mean. Similarly, the five surface sites in the region observed some of the 
lowest MDA8 O3 levels, sometimes even below 40 ppbv. A persistent high pressure 
episode (May 17-22) trapped pollutants near the surface, throughout the PBL, and even 
extended into the FT. The anticyclonic system brought large-scale subsidence, allowing 
for weak upper-level wind speeds and increased surface temperatures favoring the 
formation of O3.  Surface MDA8 O3 values were 25-55 ppbv higher than the Chinese 
Ambient Air Quality standard. The transport period (May 25-31) allowed for low-level 
westerly transport from East Asia across the Yellow Sea to the Korean Peninsula, 
which observed the unhealthiest air during this period. Vertical profiles over Xingtai in 
the morning indicate a temperature inversion capped pollutants near the surface, 
allowing near-surface O3 levels to rise from ~75 ppbv in the morning to ~100 ppbv by 
the afternoon. Surface MDA8 O3 recorded several exceedances during this period, but 
were not the highest concentrations observed in Spring. The high aerosol scattering 
present in the morning may have sufficiently reduced UV radiation to decrease the O3 
production efficiency. At the end of the ARIAs measurement period, a high-pressure 
blocking pattern (June 1-11) hindered any changes in meteorology for over a week. 
Surface observations of MDA8 O3 documented a large range of observations below 
and above air quality standards, driven by increased cloud cover towards the end of this 
period.  
Due to the frequent MDA8 O3 exceedances experienced during the high 





meteorology and photochemistry. High ratios and correlations of DO3/DCO from May 
19 and 21 in the PBL are indicative of transport of a polluted airmass. We evaluate 
model performance during this high pressure event. Overall, the model produces an O3 
exceedance event, but misses the full magnitude of the afternoon measured O3 
concentrations. Underestimations of precursors (NOx and CO) in the emission 
inventory, especially near the surface, and limitations due to model resolution may be 
to blame for this discrepancy. Modeled concentrations of O3, CO, NO2, and SO2 
increase 24 hours before sampling when the airmass is traveling over nearby provinces, 
suggesting a local contribution to poor air quality in the NCP during this high pressure 
event. These same provinces often show high tropospheric column contents of NO2 
from OMI, showcasing the regional nature of the air pollution problem in China. My 
assessment of meteorology and resulting air quality will be submitted for publication 
to the journal Atmospheric Environment.  
5.2 Recommendations and Future Work 
Although the body of this work makes considerable progress towards answering 
the key science questions defined in Section 1.4, certain items would benefit from 
continued investigation. For example, Chapter 2 demonstrates that the top 10 VOCs in 
terms of O3 production only constitute one-third of the total volume mixing ratio of 
measured VOCs. I posit that targeting the most reactive VOCs from particular sources 
will have the greatest benefit in controlling O3, but current Chinese regulations on 
VOCs emissions aim for a nationwide 10% reduction without considering reactivity or 





megacities and different seasons could significantly expand the community’s 
understanding of the role VOCs for producing O3 in a country with rapidly changing 
emissions. Such measurements may also provide insight into the evolution of O3 
sensitivity and efficiency as emissions decrease. Speciated measurements of VOCs in 
the PBL including oxygenates and consumer products would allow scientists to identify 
compounds important to O3 production (based on the MIR scales) that have the 
potential to be transported downwind. An interesting additional finding is that although 
isoprene has been shown to play a key role in the formation of O3 during the summer 
months by others (e.g. Li et al., 2015), I find isoprene is not the dominant VOC in the 
region during our spring time study. Quantifying the vertical profile and temporal 
evolution of isoprene could help estimate the biogenic VOC contribution to O3 as well 
as refine biogenic emission inventories. 
Further investigation is also recommended to quantify the origin of ODSs 
emissions and their repercussions on the recovery of the O3 layer. Additional airborne 
observations of CFCs during other seasons with different dominant meteorological 
conditions may improve the understanding of the ODSs spatial distributions and 
sources in China. For instance, a recent study using a Bayesian probabilistic model 
concludes the banks of CFC-11 and CFC-12 are likely to be substantially larger than 
suggested by recent scientific assessments, in part due to underreporting of production 
(Lickley et al., 2020). As shown in Chapter 3, the high amounts of CFC-11 and CFC-
12 measured during ARIAs are attributed to new production in certain areas of East 
Asia. In addition to more measurements, an improved understanding of emissions from 





use and quantifying the timing of emissions from banks by region to further understand 
the geographic dependence. Lastly, the scientific community must assess where and 
how potential unreported production of other ODSs still allowed under the Montreal 
Protocol may occur. For instance, some compounds, like CFC-113 and CCl4, can 
continue to be used as feedstock for production of other chemicals. Identifying when 
the cost of producing the replacement compound is more than price of the banned 
substance will help ensure the continued compliance of the Montreal Protocol. 
Nonetheless, atmospheric emission during manufacturing should be monitored and 
controlled. Moreover, CFC-113 emissions are much larger than expected (Lickley et 
al., 2020), raising questions about feedstock leakage or the potential for unreported 
non-feedstock production and use. Accurately identifying the origin (i.e., new 
production or release from banks) of these emissions is critical in informing the Parties 
to the Montreal Protocol and protecting the O3 layer.  
With only 11 research flights (RFs), Chapter 4 exposes a persistent 
underestimation in simulated precursor and O3 concentrations that remains to be 
resolved. The ARIAs RFs provided a rare opportunity to measure the vertical 
distribution of pollutants over Hebei Province during the peak season of transport. 
However, this study covers only a few locations over a short period of time. Emission 
inventories used in chemical transport models for China are often compiled for longer 
time periods and not readily updated to reflect the rapidly changing emission 
composition in China. For example, global inventories have been found to 
underestimate CO emissions despite increased consumption of fossil fuels due to swift 





Furthermore, a challenge comparing modeling results to airborne observations near 
emission sources is to improve the spatial, temporal, and vertical resolution of both 
models and emission inventories. In order to document the rapidly changing emission 
characteristics in China and properly constrain chemical transport models, extensive 
future observations near emission source regions are fundamental.  
 In summary, research in this dissertation provides a snapshot of understanding 
Hebei Province air pollution and its large-scale impacts during ARIAs. Future efforts 
integrating additional in situ observations, satellite retrievals, and model simulations 
will be crucial to effectively mitigate air pollution in China, a problem with regional 
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